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Abstract
A comprehensive study of fiber optic sensors based on a dual ring resonator system has
been conducted. A new theoretical model is established for a single fiber optic ring
resonator. The performance of fiber optic sensors based on the dual ring resonator system
is then analyzed, based on this model. The best configuration for the dual ring resonator
system is determined in terms of the shot-noise-limited minimum detectable phase change,
as well as the environmental stability when polarization crosstalk is present. The
relationship between the coherence length of semiconductor light sources and the resonator
loop lengths is investigated, with the aim of eliminating phase noise effects. Moreover, the
effect of length mismatch between the two resonator loops is discussed. Finally, the
fundamental output characteristics of fiber optic sensors based on dual ring resonator
system are verified experimentally. Some recommendations are also given for further
possible improvement.
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1 INTRODUCTION
Fiber optic sensors have been the subject of an intense research and development
effort over the past decade. It was in the mid 1970s when it began to be appreciated that the
optical fiber itself may form the basis of a new direct transduction principle, interfacing the
field to be measured with the light guided within a fiber without any intervening
stagesfl, 2]. But the strong impetus which caused the penetration of fiber optic sensors
into markets came from technological developments in the optical communications industry
in the early 1980s. The availability of high-quality low-loss optical fiber, together with
solid-state laser and light-emitting diode sources, and solid-state detectors, made fiber optic
sensing a practical proposition. So far, fiber optic sensors have matured to the point where
the impact of this new technology is now evident. A great number of practical fiber optic
sensors have been developed for a wide range of applications[3].
Fiber optic sensors have many advantages over other types of sensors. They are
passive and hence intrinsically safe and immune from electromagnetic interference. The
light weight and small size of these devices are critical in such areas as aerospace and
provide substantial advantages to many products. Environmental ruggedness provides key
opportunities for fiber optic sensors, including
high-temperature operation and all-solid-
state configurations capable ofwithstanding extreme vibration and shock levels. The most
striking attributes are high sensitivity and bandwidth of fiber optic sensors. When
multiplexed into arrays of sensors the large bandwidths of the optical fiber themselves
offer distinct advantages in their ability to transport the resultant data. They are also
versatile, because an optical beam is characterized by a number of independent parameters
including intensity, wavelength spectrum, phase, and polarization, and each of these
parameters is potentially sensitive to an applied measurand; hence a wide of range of
1
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transduction mechanisms are available. It can be predicted that fiber optic sensors will
replace the majority of environmental sensors in existence today as well as open up entire
markets where other types of sensors with comparable capability do not exist.
Although there are an infinity of ways in which fiber-guided light may be modulated
by an environmental parameter, we can define a general fiber optic sensor as shown in Fig.
1.1 (a). A constant light source(constant can mean constant in intensity, frequency, phase,
color, polarization, or several of these) is launched into a region in which the light is
modulated in one of the aforementioned constant properties. The light is then returned from


































Fig. 1.1. (a) General features of a fiber optic sensor; (b)
extrinsic fiber optic sensor consisting of feed
and return fibers carrying light to and from a black
box which modulates the light beam upon activation by
an environmental signal; (c) intrinsic fiber optic sensor in which
environmental signal interacts direcdy
with the light in the fiber.
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1.1. Classification of Fiber Optic Sensors
Fiber optic sensors can be classified as either intrinsic or extrinsic. In an intrinsic
device, the optical beam is guided at the point ofmeasurement, while in an extrinsic device,
the beam is not guided at the measurement volume.
1.1.1. Extrinsic Fiber Optic Sensors
In the extrinsic fiber optic sensors, as shown in Fig. 1.1 (b), the fiber may be used
strictly as information carriers that lead up to a black box to impress information on a light
beam that propagates to a remote receiver through a second or, in some cases, the same
fiber. The black box may contains mirrors, a gas or liquid cell, a cantilevered arm, or
dozens of other mechanisms that may generate, modulate, or transform a light beam.
1.1.2. Intrinsic Fiber Optic Sensors
Intrinsic fiber optic sensors are also called "all fiber sensors". In intrinsic fiber optic
sensors, as shown in Fig. 1 . 1 (c), the measurand interacts directly with the light in the
fiber. Phase, polarization, and intensity may all be modulated within the fiber in an
appropriate way. The advantages of this class of sensors stem from the fact that there are
no optical interfaces at the modulator head. The disadvantages stem from the fact that, in
general, if the fiber within the modulator head is capable of imposing modulation of the
light passing within it, so too are the feed and return fibers. This difficulty has been dubbed
the "downlead
sensitivity"
problem. It should be noted that downlead sensitivity may
preclude the fiber optic sensor from practical use. Unfortunately, this problem has not been
satisfactorily solved.
Section 1
1.2. Interferometric Fiber Optic Sensors
A large and important subclass of intrinsic or all-fiber sensors are the interferometric
fiber optic sensors, which have intrinsically highest sensitivity to environmental
modulation, so that very high resolution measurements are feasible. Interferometric fiber
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Interferometric fiber optic sensors evolve from traditional optical fiber
interferometers. A range of optical fiber versions of classical interferometer configurations,
such as the two-beam Mach-Zehnder, Michelson, and Sagnac interferometers, and the
multiple beam fiber Fabry-Perot and ring resonator configurations have been proposed.
Fig. 1.2 shows these various implementations. In all the configurations, fiber directional
couplers(DC) play a very important role. Fiber optic couplers, which have been well
developed, can be used as beam splitters and reflectors to avoid diffraction losses
associated with bulk optic elements and to offer greater flexibility and reliability.
Generally speaking, fiber optic sensors based on two beam interference are less
sensitive than fiber optic sensors based on multiple beam interference. On the other hand,
although fiber optic sensors based on multiple beam interference have high sensitivity and
may get rid of the "downlead
sensitivity"
problem, they must use highly coherent light
source. Any phase noise, intensity noise, and frequency shift of light source will inevitably
degrade the performance of the fiber optic sensors. Another disadvantage associated with
fiber optic sensors based on Sagnac and multiple beam interferometers is that their
unambiguous operating range is limited within a phase
change of less than 7t/2. It should
also be noted that in the fiber optic sensors based on Michelson, Sagnac, and Fabry-Perot
interferometers there is a considerable amount of light feedback towards the light source,
which causes the light source unstable, especially when laser is used. A Farady isolator is
most often needed to avoid the feedback.
1.3. Fiber Optic Sensors Based on Dual Interferometer System
In order to overcome the "downlead
sensitivity"
problem associated with fiber optic
sensors based on individual two beam interferometers as
well as the restricted dynamic
range and the light source instability associated with the fiber optic sensors
based on
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individual multiple beam interferometers, some dual interferometer structures have been
proposed, as shown schematically in Fig. 1.3. In this kind of sensors, a remote passive
interferometer is interrogated via a local reference interferometer operating in a controlled
environment. The optical fiber connecting the sensing interferometer and the reference
interferometer serves only to transmit light; any environmental noise in this portion of
optical fiber does not affect characteristics of the fiber-optic sensor. Low coherence sources
are applicable to such a dual interferometer system and the effects of phase noise and
emission frequency shifts of light source can be eliminated. By means of a tunable-cavity
detection method[4], the drift of operation point can be automatically compensated. In
addition, restriction on dynamic range, which accompanies high resolution fiber-optic


















Fig. 1.3. General feature of a fiber optic sensor based on dual interferometer
system
The scheme of fiber-optic sensor based on dual Fabry-Perot cavity was first proposed
by Cielo[4]. Some other dual
interferometer systems, which are combinations among
Mach-Zehnder interferometer, Michelson interferometer, as well as
Fabry-Parot cavities,
have also been presented[5, 6]. Generally, the sensitivity of these systems is
low related to
dual interferometer systems made from Fabry-Perot cavity or ring resonator. Fiber-optic
temperature sensor based on dual Fabry-Perot cavity with low
finesse has been
successfully demonstrated[7].
Dual Fabry-Perot cavity system with
high finesse is difficult
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to make and has a considerable amount of crosstalk between cavities and feedback towards
light sources. The approach of dual ring resonator system presents no inherent reflectance
and high finesse can be obtained by tuning the coupling ratio at the directional coupler.
Better sensor characteristics can be expected.
Fiber optic sensors based on dual ring resonator system were first proposed and
demonstrated in 1985[8], but signal fading was observed and attributed to polarization
crosstalk. The analyses of reference 8 and subsequent analysis [9] concentrated on the very
basic characteristics of the system, but did not deal with the problem of signal fading. The
equations used in the analyses were similar to the original ones of the ring resonator[10],
and assumed perfect preservation of the state of polarization. In practice, we can attempt to
preserve the state of polarization by using low-birefringence fiber and polarization
controllers, or by using polarization-preserving(pp) fiber. Polarization controllers are
unstable for field operation, so that the only practical alternative is pp fiber. However, it
has been shown recently that small amount of polarization crosstalk at the coupler can
produce a drastic change in the output of the individual ring resonators made with pp
fiber[1 1, 12], and that the input state of polarization must be linear and aligned with one of
the fiber birefringent axes for optimum output Thus, the analysis based on the assumption
of polarization preservation does not address the tolerances on the quality of sensor
components, and therefore does not answer the question of how successful the sensor can
be in practice. It was also assumed that the optical paths in the resonant loops of dual ring
resonator system were nearly perfectly matched in reference 8 and 9. This ideal condition is
difficult to obtain in practice because of the geometrical measurement error and the physical
inhomogeneity of optical fiber. For practical application, we must also evaluate the effect of
loop mismatch in dual ring resonator system. Moreover, all the previous research work
ignored the analysis on the sensitivity of the fiber optic sensors based on dual ring
resonator system, which is obviously a key characteristic of the sensors.
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In this thesis a comprehensive study of the fiber optic sensor based on dual ring
resonator system is conducted. Section 2 provides an overview of the elements comprising
fiber optic sensor based on dual ring resonator system. In Section 3, the characteristics of
single fiber optic ring resonator are analyzed with emphasis on the effect of polarization
crosstalk by using an improved model, which takes into account polarization crosstalk not
only at the directional coupler, but also at the splice in the fiber loop as well as the input
port. Section 4 deals with the performance analysis of fiber optic sensors based on dual
ring resonator system. Considerable efforts are concentrated on finding out the best
configuration(s) for dual ring resonator system in terms of the shot-noise-limited minimum
detectable phase change as well as the environmental stability when polarization crosstalk is
present. The relationship between the coherence length of semiconductor light sources and
the resonator loop length is then proposed in order to eliminate the effects due to their phase
noise. The effect of the mismatch between two resonator loops is also discussed in this
section. In Section 5, the setup of a dual ring resonator system is described in detail. The
fundamental output characteristics of dual ring resonator system are verified
experimentally. Some recommendations are also given for further possible improvement.
Finally, Section 6 gives conclusions and application prospect of this kind of fiber optic
sensors.
2 ELEMENTS COMPRISING FIBER OPTIC SENSORS
BASED ON DUAL RING RESONATOR SYSTEM
Fiber optic sensors based on dual ring resonator system consist of semiconductor
light sources, polarization preserving(pp) fibers, pp fiber directional couplers, and pp fiber
splices. This section will present an introduction to these key elements. The treatment is
brief and aimed at achieving a basic understanding with particular reference to the
application of these elements in fiber optic sensors based on dual ring resonator system.
2.1. Semiconductor Light Sources
Semiconductor light sources have proved to be able to offer considerably small
physical size, lower cost, lower power consumption, high reliability, and adequate radiance
levels. These attributes of semiconductor light sources often preclude the selection of
alternative light sources formost fiber optic sensors.
Semiconductor light sources differ in many aspects from gas and solid state lasers.
The same basic device(with considerable structural differences)
acts'
as both an incoherent
source and as a laser, and similar physical mechanisms are involved in each case. The gain
bandwidth is higher than in any other medium, essentially because the photon emission
takes place as a result of electron motion between two bands of energy levels. The gain
curve in a semiconductor laser typically extends over 10 Hz.
There are three types of semiconductor light sources used for supporting fiber optic
sensors. Among them are laser diode(LD), light emitting diode(LED), and
superluminescent diode(SLD). Laser diodes are dominated by stimulated emission, while
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light emitting diodes are dominated by spontaneous emission. Superluminescent diodes are
the intermediate cases which are the combination of both types of emission.
2.1.1. Semiconductor Laser Diodes
Semiconductor laser diodes have a peculiar waveguide structure which confines the
injected carriers and the resulted light in the same region. The active medium also forms the
structure of the resonant cavity and the termination of the active medium is also the end of
the cavity. In all other lasers the cavity mirrors are separate from the active medium. The
radiation from a laser diode hence has a number of curious behavioural characteristics.
A lot of light output properties of laser diodes must be taken into account when
designing a specific fiber optic sensor. In a well behaved laser diode, the light output
power versus drive current curve(L-I curve) will be smooth and approximately linear above
threshold over a wide range up to the onset of damage within the lasing structure. This
smooth curve indicates that both the transverse and longitudinally mode spectra are stable.
Otherwise,
"kinks"
would show up in the L-I curve. It should be noted that as the
temperature increases, the current needed to achieve a threshold condition rises and the
slope of the curves decreases slightly. In addition to changing the L-I characteristic of laser
diodes, temperature causes wavelength drift and mode hopping due to changes in the index
of laser diode waveguide material, the cavity length, and the bandgap of the material. Mode
hopping and wavelength drift are also induced by the current change, which may change
the waveguiding characteristics of
the laser diode as well as internal temperature.
Obviously, wavelength change is a critical issue for interferometer-based fiber optic
sensors.
Another key issue associated with the operation of laser diodes is
that their output is
often highly susceptible to feedback. When light is
back-reflected into a laser diode
operating at or above threshold, the
effective photon flux in the cavity is changed
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depending on the relative phase and degree of coherence of the back-refleted light to light
circulating in the cavity. The effect of distant reflections is to set up an external cavity
coupled to the laser diode. The laser diode then can oscillate on one of a number of closely
spaced external cavity modes. The feedback can narrow the laser line. On the other hand,
any phase disturbance of back-reflected light will modulate the mode frequencies in the
cavity and cause mode hopping, leading to broadening and structuring of the laser power
spectrum. The problem is especially acute for very coherent light sources, which are often
susceptible to multiple back reflections within a fiber optic sensor that interacts with the
light source in a very complex way. For high-performance single-mode laser diodes, about
60 dB isolation is needed before the output characteristics are seriously degraded. To
reduce back reflection from fiber, special care must be taken to avoid flat surfaces that
reflect directly into the laser diode. Provisions that are taken would include rounding the
fiber end face, antireflection coatings, angling coupling angles, and sometimes deliberately
misaligning optical elements. If these measures are insufficient, it is necessary to use
optical isolators such as those based on the Faraday effect to achieve sufficiently low
feedback.
2.1.2. Light Emitting Diodes
There are two basic types of light emitting diodes that are commonly used for fiber
optic sensors: the surface-emitting diode and the edge-emitting
diode. The surface-emitting
diode is essentially a Lambertian source, radiating
in an isotropic fashion. Typically, these
devices are used in association with large-core multimode fibers. The second type of light
emitting diode, edge-emitting diode, has a
waveguide structure somewhat like that of a
laser diode. However, the active region of the device is designed to
inhibit feedback, and
so prevent the onset of lasing action. The total amount of power
generated by an edge-
emitting diode is smaller that that
from a surface-emitting diode, but the radiance is
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significantly higher. Therefore, an edge-emitting diode is a much better candidate for
higher-power applications requiring single-mode fiber.
Some of the features of light emitting diodes that are of interest to fiber optic sensors
include a very low coherence, often the result of very broad spectral output; very low
sensitivity to back reflection from elements of the fiber optic sensor since emission is
dominated by spontaneous emission; and high reliability, the result of the low optical
power density in their active area. Besides, the light output power versus current curve is
close to linear over a wide range - perhaps 40 dB - but there is a variation in the position of
this curve as the device temperature is varied. Any change in temperature or drive current
will cause the emitting central wavelength to shift. This effect ismuch smaller compared to
laser diodes because here the output wavelength drift is characterized only by the changing
bandgap of the diode material and is a smooth continuous drift.
2.1.3. Superluminescent Diodes
Intermediate in operating properties between light emitting
diodes and laser diodes are
a class of devices known as superluminescent diodes. To obtain this kind of devices, laser
diode structures are configured in such a way that cavity causing recirculation
of the photon
flux is destroyed while allowing sufficiently high gain that
stimulated emission may occur
due to the high-level spontaneous emission on a single pass of light through the active
media. The methods used to construct these devices usually include
antireflection coating
on the facets, using proton bombardment to make
one end of the cavity an absorber, or
mechanically destroying an end facet.
The main features of superluminescent diodes that interest the
fiber optic sensor
designer are their high power and low coherence. In general, the
ideal superluminescent
diode would have characteristics that are similar to a light emitting
diode at higher power
levels. For many devices this is not strictly the
case because they have significant amount
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of stimulated emission and may have some residual cavity effects. The back-reflection
effects exist in superluminescent diodes. These effects are substantially reduced compared
to the case for laser diodes and are greater than those of light emitting diodes. The light
output power versus drive current curve of superluminescent diodes shows a soft knee
transition fro the region dominated by spontaneous emission to one with strong stimulated
emission.
2.1.4. Coherence of Semiconductor Light Sources
The lineshape theory of semiconductor light sources has been well documented[13].
It was found that the power spectrum of a semiconductor light source is basically




where co0 is the central emitting angular frequency and Aco is the linewidth in term of
angular frequency, which relates to the frequency linewidth Av by
Aco = 2ttAv (2.2)
It was also found that the linewidth decreases inversely with facet power. Therefore,
laser diode has the finest power spectrum while light emitting diode has the broadest one
and superluminescent diode is the intermediate case. It should be noted that the Lorentzian
distribution of equation (2.1) has been normalized, i.e.
r>)d-i
(2.3)
Some more detailed researches[14, 15] revealed that the inverse relationship of
linewidth versus power holds for a light emitting diode and a laser diode operating below
Section 2 14
threshold, however, for a laser diode operating above threshold an appropriate linewidth
enhancement factor should be introduced to meet with the experimental results.
Coherence length is a critical parameter for interferometer-based fiber optic sensors.
Because laser diodes, light emitting diodes, and superluminescent diodes manifest different
spectral widths, they have different coherence lengths. Coherence length of a light source is
usually defined as[16]
AX (2.4)
where Xo is the emitting central wavelength and AA. is the spectral width of light source in
space domain. Using the relationship c = Xv and differentiating, we obtain
A AX
Av = - c-
*"o (2.5)
where c is the speed of light in vacuum. Equation (2.4) can be used to determine the
coherence length of a light source from spectral measurements.
Table 2.1. Comparison of typical laser diode, light emitting diode, and
superluminescent diode(central emitting wavelength X0 = 0.82 Jim)
Spectral width Coherence Light output power











Table 2.1 shows the comparison among semiconductor light sources at normal
operating condition in terms of typical spectral width and coherence length as well as
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typical light output power from single-mode pigtail fiber. Higher light output power is
usually desirable for most fiber optic sensor. The importance of coherence length to fiber
optic sensors depends on the system involved. Long coherence length is necessary for the
fiberoptic sensors based on individual fiber ring resonator and Fabry-Perot cavity. Often it
is highly desirable to reduce the coherence length to reduce the over noise floor of a fiber
optic sensor, for the use of light source with low coherence can minimize the backscatter
noise from the fiber of interfaces. This is particularly true for the Sagnac interferometer.
The performance dependence of fiber optic sensors based on dual ring resonator system on
the coherence of semiconductor light sources will be examined in Section 4.
2.2. Polarization Preserving Fibers
It is very important for the light polarization state to be pure
and stationary at the fiber
output end in the fiber optic interferometric sensors. Single-mode optical fibers do not
normally preserve the polarization state of the
light propagating along the fiber. Therefore,
some special measures have to be taken or special optical fibers have to be used in order to
achieve polarization preserving.
2.2.1. Principles of Polarization Preserving
A single-mode optical fiber support only the lowest order mode
HEn(or LP0i). This
fundamental mode can looked as a linear superposition of two spatially
orthogonal modes.
Assume that Fx(x,y) and Fy(x,y) describe the spatial
variation of the electric fields, which
are the vectors along x-direction and y-direction,
respectively. In a lossless fiber, a wave
propagating along z-direction






(j = x, y) are complex coefficients describing the amplitudes and phases
of the modes, kj = (27tAo)nj are the propagation constants of the polarization modes, Xq is
the free-space wavelength, and nj are the effective indexes of the modes. The complex ratio
Cx/Cy then determine the polarization state of the propagation wave. In ideal fibers with
perfect rotational symmetry, the two modes are degenerate with kx = ky and any
polarization state injected into the fiber would propagate unchanged. In practical fibers, the
circular symmetry is impossible due to fabrication defects or to environmental
perturbations. The two orthogonal modes will propagate with different phase velocities and
there would be random fluctuation in the output state of polarization. Some methods for
polarization control have been successfully demonstrated in coherent fiber optic
communication systems[20, 21]. However, these methods are not usually applicable to
fiber optic sensors, because the introduction of any polarization controlling element into
fiber optic sensors will make it almost impossible for them to be used on most occasions.
Polarization preserving fiber, in which the intrinsic birefringence is increased in a
controlled way, can provide a far better stability in the output polarization, when input light
is polarized along one of the linear birefringence axes. To obtain an enhanced intrinsic
birefringence, the fiber structure has to be modified with some deviation from circular
symmetry, which can be achieved by either modifying the fiber core section or using a
special cladding structure which induces a transverse stress
into the core. The latter design
is more promising for the results obtained as to
birefringence and attenuation. In particular,
the best performance has been obtained with PANDA or bow-tie fibers, where the stress is
generated in the cladding through a couple of rods of
different glasses placed on opposite
sides with respect to the core[22, 23]. In these high birefringence fiber, the two
orthogonally polarized modes are kept
well separated under the influence of environmental
perturbations, as externally induced birefringences are substantially
lower than the intrinsic
one. Typical birefringence of pp fiber is: An
~ 5 x 10 .
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Furthermore, single polarization fibers (or polarizing fibers) have been studied to
further reduce the crosstalk between the two components of state of polarization. The usual
approach is to use the same high birefringence structures with suitable guide parameters, so
that one of the two modes is radiated, due to its lower cutoff wavelength. This type of
fibers are particularly useful for classes of fiber optic sensors that rely on control of the
polarization state in the system.
2.2.2. Characterization of PP Fibers
As regards pp fibers the quantities which concern a fiber optic sensor designer are
expressed by modal birefringence, modal coupling parameter, and modal spot size.
2.2.2.1. Modal birefringence and beat length. The modal birefringence B
and beat length Lp are the main physical quantities associated with the state of polarization
of light traveling along a pp fiber. They can be expressed in terms of the propagation
constants px and (3y of the x and y polarized modes as follows
Px-Py X
B =
(27t/ X) Lb (2?)
where the modal birefringence B can be assessed by measurement of the fiber beat length
Lb. A number of techniques are available formeasuring Lb[24]. If light is injected into fiber
so that both modes are excited, one will slip in phase relative to the other as they propagate.
When this phase difference is an integral number of 2tc, the two mode will beat and, at this
point, the input polarization state will be reproduced. Thus
the effect of a uniform
birefringence is to cause a general polarization state to evolve through a periodic sequence
of states as it propagates. The length over which this beating occurs is the above fiber beat
length Lb.
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2.2.2.2. Modal coupling parameter and crosstalk. The most important
transmission property characterizing pp fibers is the polarization crosstalk, related to the
power fraction emerging from a state of polarization output channel (fast or slow) when the
light is launched, at the input, into the orthogonal one. More precisely, the logarithmic
ration of the power Px (Py) coupled to the unexcited mode polarized along x (y) axis, with
respect to the total transmitted power Px + Py over a propagation length L, is called






^ 2 ) (2.9)
The standard method for C measurement is to excite the fiber along one of the two
birefringence axes and to detect the output power through an analyzer oriented firstly
parallel and then orthogonal to the launch polarization direction[26]. A special feature of the
crosstalk parametermeasurement is the strong dependence on the source coherence length.
In fact, if in a fiber span the coherence time exceeds the fly-time difference ofmodes, the
fraction of power coupled to the unexcited mode is deeply affected by the phase correlation
of birefringence perturbations along the fiber axis. This coherent sum of effects can
undergo great variations depending on the type of fiber and environmental conditions. An
incoherent source (e.g., SLD or LED) must be used. In addition, the quality of the optical
components is also of prime importance and strain-free lenses, together with high-quality
crystal polarizers, should be used.
It should be noted that the h parameter is strongly dependent on the fiber
configuration and packaging and will be worse when the fiber is wound in tight coils. The
ultimate linear polarization-holding ability of a pp fiber is limited by Rayleigh scatter[27] or
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a slight nonuniformity of the spatial polarization pattern of the fundamental mode on a
transverse section of pp fibers[28]. From an experimental viewpoint no crosstalk value
lower than - 48dB has been reported even in short fibers[29]. For the present-day pp
fibers, the crosstalk is of the order of - 30dB/km or less.
2.2.2.3. Modal field distribution. The modal field distribution is of practical
importance when evaluating splicing loss, bending loss, and source-to-fiber coupling.
There are various kinds of pp fibers manufactured by means of different process and with
different internal structures, shapes and geometries[30]. Generally speaking, the
fundamental modes of pp fibers are elliptical to different degrees and can be approximated
by an elliptical Gaussian functional]. This elliptical Gaussian function can be
characterized by its mode field diameters along both birefringent axes. The mode field
diameter is an important parameter of pp fibers. A mismatch in the mode field diameter, for
example, represents a source of intrinsic joint loss when a splice exists in fiber optic
sensors.
2.3. Single-Mode Polarization Preserving Fiber Directional
Couplers
In the interferometric fiber optic sensors, the most critical elements are single-mode
pp fiber directional couplers, which can behave as beam splitter,
beam combiner, and beam
reflector in the same way as the bulk-optic beam splitter and
reflector do in traditional bulk-
optic interferometers. Dramatical efforts have been made to obtain the pp fiber directional
couplers with low loss, low crosstalk, high directivity, and high stability, using various
types of pp fibers and involving different techniques. The currently available pp fiber
directional couplers show excellent optical properties, with crosstalk greater than 25dB and
excess losses less than 0.5dB[32, 33].
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2.3.1. Principle of Single-Mode PP Fiber Directional Couplers
When light propagates along a single-mode optical fiber, it is not strictly confined to
the core region but extends to the surrounding glass cladding region. This phenomenon can
be exploited to fabricate single-mode fiber optic directional couplers. In order to achieve
coupling between two single-mode fibers, the field associated with their LP0i mode must
somehow interact. To access the field of a single-mode fiber we must either taper the fiber
down or locally remove a portion of its cladding. When tapering the fiber the field width or
its spot size increases as the radius of its core is reduced, reaching its maximum value at the
waist of the taper. Thus, if two fibers laid side by side in close proximity are
simultaneously tapered so that their field distributions overlap, we would expect to observe
coupling between them. This is the fusion-elongation method. Another fabrication method
is the mechanical polishing method. In the polished type coupler access to the field is
gained by grinding and polishing some of the cladding of the fiber away, leaving a thin
layer of cladding above the core/cladding interface. If two identical fibers are similarly
polished and these polished regions are brought into close proximity, then coupling
between the fibers takes place through their evanescent fields. The power transfer between
two lossless waveguides in close proximity can be calculated by the coupled mode
equations[34, 35].
Polished block and fused biconical taper are two common processes used to fabricate
single-mode pp fiber directional couplers. The polished
method has the ability to fabricate
couplers with any fiber structure and with relatively
low-polarization crosstalk and low-
excess-loss. Another advantage of polished couplers is that their coupling ratios can be
tuned by changing the relative position of two polished half blocks with a micrometer. The
ability to tune the coupling ratio is important for
resonator-based fiber optic sensors, where
the resonant condition has to be met in order to achieve resonance[10]. However, polished
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couplers are generally more sensitive to temperature and mechanical fluctuations. On the
other hand, the fused and taper coupler is easier to manufacture and provides a stable fused
structure. But the fused structure, although inherently stable, is fragile with tapered
diameter typically between 20 30 micrometers, the environmental (thermal and
mechanical) performance of the fused single-mode couplers depends, therefore, on the
design and assembly of the outer package. A disadvantage of this approach is the fiber
birefringence is partially relieved as a result of the coupler fabrication process and
consequently the polarization-preserving capability of the coupler is inferior to that of the
fiber used in its fabrication. The polarization crosstalk of the fused couplers is generally
larger than that of polished couplers. Besides, there is no way to tune the coupling ratio in
the fused couplers.
It should be noted that the coupling ratio of the couplers is highly dependent on the
wavelength because of their operating principle. The rate of change over the
750nm to
900nm range averages approximately 0.5%/nm[36]. Therefore, careful attention has to be
paid to the match between the emitting wavelength and
operation wavelength of the coupler
in the fiber optic sensors, in view of the convenience of tuning coupling ratio and the
wavelength dependence, polished fiber directional couplers are usually used in laboratory
for research purpose.
2.3.2. Characterization of Single-Mode PP Fiber Directional Couplers
The single-mode pp fiber directional
couplers are usually characterized by its coupling
ratio, excess loss, crosstalk, and directivity. Fig.
2.1 shows the accepted labeling
convention of a fiber directional coupler. When defining the parameters of a coupler, one





Fig. 2.1. Schematic of fiber optic coupler.
2.3.2.1. Excess loss. The excess loss of a coupler is a measure of the sum of the




2.3.2.2. Coupling ratio. The coupling ratio is a measure of the percentage of
light that has passed to the coupled leg of a coupler with respect to the initial power injected
into the coupler, and is defined as
P"
(2.11)
2.3.2.3. Crosstalk. The most important parameter of a pp fiber coupler is the
crosstalk. Assuming linearly polarized light is injected parallel to the x-birefringence axis of
a pp fiber and Px is the output signal measured with the output polarizer parallel to the axis
(maximum signal) and Py is the output signal measured with the crossed polarizer position




2.3.2.4. Directivity. The directivity is a measure of the directionality of the
power coupling, specifically the amount of power that is reflected by the internal operation
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of the coupler. This parameter is measured while port 3 and port 4 are index matched. The




2.4. Polarization Preserving Fiber Splices
Polarization preserving fibers have shown excellent ability to sustain a substantially
stable state of polarization in single-mode fibers. Connection technology for pp fibers is
important to some sensing applications. A pp fiber splice must retain the desirable
properties of pp fibers such as low loss and low crosstalk. To retain these properties, it is
essential to not only align the fiber core, gut also the polarization eigenaxes. In a splice for
pp fibers, the two fiber ends are first prepared, aligned, and then joined together, either by
fusion, adhesive bonding, or mechanical means. The design of splices for pp fibers
presents difficulties that depend to some extent on the pp fiber design. Obviously, the wide
variety of fiber structures and shapes makes splicing pp fibers
of similar and dissimilar
structures an enormous task.
To date, most of the low-loss pp fiber splicing experiments have used fusion or
adhesive bonding methods. Fusion splicing requires expensive micropositioners to align
the x, y, and z axes of the core in addition to rotational stages to search for the fast and the
slow polarization axes of the fundamental mode. Moreover, splicing problems can occur
when the residual stress profile of the pp fiber is deformed during fusion due to dopant
diffusion and core deformation in stress-induced fibers[37]. For the fusion splicing, the
resultant splicing loss is 0.15dB and the
crosstalk changes from -29dB to -27dB as the best
result[38]. On the other hand, adhesive bonding has shown some instabilities during the
curing process due to volume
shrinkage. For this kind of splicing, the resultant splicing
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loss is 0.14dB with splice crosstalk of -20dB to -40dB[39]. Because of its simplicity, the
adhesive bonding method is usually used in laboratory for research purpose.
2.4.1. Polarization Crosstalk of PP Fiber Splices
It has been reported that rotational misalignment of polarization eigenaxes is the most
serious problem of crosstalk during splicing[37, 40]. Ishikura et al. investigated the
relationship of the equivalent misalignment of the birefringent axes (calculated from the
crosstalk increase) and the misalignment angle of the the birefringent axis measured by a
differential-interference contrast microscope. They found an almost linear relationship
which indicates that crosstalk degradation at the splicing point is caused by geometrical
angular misalignment of the pp fiber birefringent axes. Various methods for birefringent
axis alignment have been proposed [41-44]. An accuracy of less than
1
can be easy




Besides, any external asymmetrical lateral stress, such as stress profile deformation
during fusing and volume shrinkage due to adhesive bonding, introduces a linear
birefringence via elasto-optic index changes in the intermediate splice region[19]. These
stresses can cause birefringent axes rotation and consequently increase the crosstalk.
Special methods for arc-fusion and holding a pp fiber should be adopted in order to keep
the induced birefringence negligible.
2.4.2. Coupling Loss of PP Fiber Splices
Coupling characteristics of pp fiber splices have been
investigated by Noda et al. as a
function of transverse, longitudinal, and rotational offsets[38]. Due to the high
core-
cladding refractive-index difference, the core
diameter of pp fibers is smaller than that of
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the conventional single-mode fibers in order to support only the fundamental mode, so that
the coupling tolerances are correspondingly much more severe.
The major factors affecting pp fiber coupling loss are usually divided into two
categories: intrinsic parameters, differences in the properties of the fibers being spliced; and
extrinsic parameters, the alignment and the quality of the splice. The principal intrinsic
parameters are variations in the fiber core diameter, variations in the fiber outer diameter,
differences in the index profile, differences in core ellipticity, and core eccentricity.
Extrinsic parameters include transverse offset, longitudinal offset, tilt, end quality,
alignment of the birefringent axes, degree of index matching, and also core deformation of
fusion splicing. It is essential to make the principal axes of the refractive-index ellipsoid of
the core matched with each other as precisely as possible to minimize the coupling loss.
When the deliberate birefringent axis rotation is present, there would be inherently higher
coupling loss.
2.5. Summary
Excellent progress has been achieved over the last decade toward the understanding
and implementation of the devices used for fiber optic sensors. The cost of key optical
elements have been falling rapidly, while the number and variety of the choices have been
increasing. These factors have been complemented by increasing reliability and quality of
components. The fiber itself has been redesigned in order to enhance and optimize the light
guiding properties as they relate to sensing
applications. With a variety of device
applications now under consideration, it can be expected that the technology will advance
further toward commercialization and that optical devices designed specifically for sensing
applications will become increasingly available over the next few years. Fiber optic sensor
designers will be able to produce a wide variety of devices that offer superior performance
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at lower cost than does existing technology while enabling the use of sensors in totally new
areas of endeavor.
3 CHARACTERISTICS OF SINGLE FIBER OPTIC RING
RESONATOR
The performance of the fiber optic sensor based on dual ring resonator system is
heavily dependent on the characteristics of its two individual fiber optic ring resonators.
The two single ring resonators, as will be seen in Section 4, behave as spectral filters in the
dual ring resonator system. The spectral functions of the two individual fiber optic ring
resonators should be stable and symmetrical in the existence of environmental noise. It is
their relative shift that gives out the detectable signal in the dual ring resonator system. In
this section, the characteristics of single fiber optic ring resonator will be examined with
emphasis on its temperature stability when the polarization crosstalk is present. The
purpose is to get a full insight into the single ring resonator before more complicated dual
ring resonator system is investigated.
3.1. Improved Theoretical Model
Single fiber optic ring resonator has been extensively studied[10-12, 45-48]. The
early papers only gave some fundamental features of the single ring resonator and failed to
predict the drastic effect of polarization crosstalk[10, 45]. Some papers which dealt with
the polarization crosstalk problem by means of eigenstates of polarization appeared in the
late 1980s[46, 48]. The eigenstate approach has a disadvantage, that is, the eigenstates of
polarization are not directly measurable. Obviously, it is highly desirable to use some
measurable parameters to characterize the single ring resonator and examine how these
parameters affect its performance. Such a model was proposed in 1989[11], which
successfully modeled the polarization
crosstalk at the directional coupler. However, this
model did not involved the polarization crosstalk both at the input port and in the fiber loop,
27
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which may results from the misalignment of the birefringent axes and the added stress of
the optical coupling elements. Here an improved model will be established, based on the
guidewave theory, by introducing an equivalent misalignment angle both at the input port
and in the fiber loop.
The currendy available ring resonators can be constructed in several ways, while all
of them are based upon the directional coupler. Fig. 3.1 shows the schematic of the single
fiber optic ring resonator, into which light is coupled from port 1. The ring resonatormay
be formed by connecting port 2 and 3, or port 2 and 4 of a pp fiber directional coupler. The
former can be spliceless by using a single piece of fiber[10]. Although the spliceless loop
can reduce light transmission loss, this type of resonators
need-
high coupling ratio, which
usually accompanies higher coupler loss; and this type of resonators are generally difficult
to fabricate. The two types of resonator can give the same spectral transfer function if the
coupling ratio is adjusted to the appropriate value in each case. Therefore, the
latter case
will be examined here. On the other hand, at the splice, there may ormay not be deliberate
power exchange between the fiber birefringent axes[ll, 47].
Fig. 3.1. Single fiber optic ring resonator
(3.1)
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Although a comprehensive pp fiber directional coupler model has been
developed[49], a simplified model suffices for the polarization insensitive directional
coupler being considered. The model involves immediately measurable quantities. Exactly
following the notation used in reference 11, we can get the following equations which
relate the input fields to the output fields
E3*
= (VT^VT^e^ + V7Ely) + jVk-(VTTt e2x + VFE2y)yi^77
E3y
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t polarization crosstalk at the coupler.
The polarization crosstalk k and coupler loss yc are previously defined in Section 2.3. The
model uses the same loss coefficient for all ports and the same coupling ratio for both
polarization in the coupler. These conditions are satisfied with real-life polarization
insensitive directional coupler with very good approximation. The reflectance from the fiber
end-surface can be negligible if particular care is taken[50]. The propagation constants and
fiber attenuation coefficients corresponding to x and y components are denoted by (3x,y and
ax,y, respectively
_27tn2LPx"
X Py X (3.2)
Section 3 30
where nx_y are the refractive index in the fiber core and X is the wavelength of the light in
vacuum. Also, we define




In order to evaluate the effect of the polarization crosstalk both at input port and
splice, the equivalent misalignment angle 90 and 9S are introduced as shown in Fig. 3.1.
The equivalent misalignment angle Go and 9S take into account all the polarization crosstalk
resulting from the actual misalignment of the birefringent axes and the added stress of the
optical coupling elements or any other additional polarization crosstalk. The polarization
crosstalk and loss in the fiber can be negligible according to the discussions in Section 2.2,
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where Lo, La, and L0, are fiber lengths at input port 1, from splice td port 2, and from port
4 to splice, respectively, as shown in Fig. 3.1. ys is the splice loss. The introduction of the
arbitrary angle 9S make it possible to examine ring resonator with (9S=90) or without
(9S=0) deliberate power exchange at splice based on the same model. The input light is












where co represents the angular frequency, which is in turn related to the velocity c and the




Equations (3.1) through (3.7) constitute a full model for the single fiber optic ring
resonator. This model can be readily used to examine the characteristics of the single ring
resonator. All the four spectral transfer functions in Equation (3.6) fall into two categories:
comb filter and notch filter. T3X is notch filter while T3y, T4X, T4y are comb filters. T3y and
T4y are essentially zero in the straight resonator (without deliberate birefringence axis
rotation at splice: 9S = 0); and all the four components can be used in the twisted resonator
(with deliberate birefringence axis rotation at splice: 9S = 90). However, in order to make
use of the circulating components T4X and T4y, an additional directional coupler must be
incorporated into the fiber loop[8]. If possible, the use of the circulating components
should be avoided, for the introduction of another directional coupler will make system
complicated and more susceptible to environmental noise. On the other hand, as will be
seen in section 4, it is desirable to use comb filters in the dual ring resonator system
because they can reduce the DC level of the light output power and hence reduce the shot
noise of the system. Therefore, we will concentrate on studying components T3X and T4X
for the straight resonator and components T3X and T3y for the twisted resonator.
3.2. General Characteristics
A single fiber optic ring resonator can be
considered as a multiple beam
interferometer. Its behavior is similar to that of a Fabry-Perot resonator. If the coherence
length of light source is very long compared to the fiber loop length, with reference to Fig.
3.1, light beams entering port 3 from ports 1 and 2 will interfere; so will the light beams
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entering port 4 from ports 1 and 2. When the fiber loop length or the light frequency is
varied continuously, the power emerging from port 3 and the power in the loop show a
series of sharp minima or maxima. The finesse of the fringes of the ring resonator is much
easier to control than that of the Fabry-Perot resonator by adjusting the coupling ratio at the
directional coupler. In the case of Fabry-Perot resonator the reflectivity of its two mirrors,
which determines the finesse, is fixed. However, as will be seen, the finesse and the
spacing of the fringes of the ring resonator may change with environmental variations
because of the presence of polarization crosstalk.
3.2.1. Resonance Conditions
The full model established in Section 3. 1 has to be evaluated by numerical method,
because of the introduction of polarization crosstalk make it very difficult to get the
analytical solutions for the spectral transfer functions T3X, T3y, T4X, and T4y. However,
the perturbation of polarization crosstalk on the ring resonator does not change its resonant
position. In order to visualize the resonance phenomenon, we first discuss the resonance
conditions by assuming the polarization crosstalk is zero. Moreover, the ring resonator
with no polarization crosstalk will serve as a reference for evaluating the effects of
polarization crosstalk.
3.2.1.1. The straight resonator (without deliberate birefringence axis rotation
at splice: 9S = 0). In the full model established in Section 3.1, let
t = 0 and Eiy
= 0
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(b) Circulating component T4x
Fig. 3.2. Transfer functions of a straight resonator with no polarization crosstalk and the parameters: k
= 0.1, Yc = 0.05, and Ys = 0.05.
As a typical example, T3X and T4X are plotted in Fig. 3.2. T3X shows a series of dips
while T4X shows a series of peaks. The positions of dips (or peaks) can be easily
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determined by solving dT3x/d(pxL) = 0 (or dT4x/d(pxL) = 0 ). Resonance condition #1 is
thereby obtained as follows
Resonance condition #1: (3 XL
-
q x 27t (3.11)




























For the straight resonator, it is possible to get zero dips (or maximum peaks) by
tuning the coupling ratio at the directional coupler. The corresponding coupling ratio is
called the resonant coupling coefficient kr, which is determined by solving dT3x.min/dk = 0
(or dT4X.max/dk = 0). Resonant condition #2 is thereby obtained as follows
Resonance condition #2: kr
= x ~ (1_ YcX1 " Ys) (3.16)
It should be noted that the value of T4x.max can be greater than 1, as shown in Fig.
3.2 (b). This fact means that the fiber optic ring can store energy, a very interesting feature




(a) Output component T3x
T3y 0.2 -
(Px + Py)L
(b) Output component T3y
Fig. 3.3. Transfer functions of a twisted resonator with no polarization crosstalk and the
parameters: k
= 0.1, Yc = 0.05, and yt = 0.05.
3.2.1.2. The twisted resonator (with deliberate birefringence axis rotation at
splice: 9S = 90). Similar to the previous discussion, we
can get the analytical solutions for













As a typical example, T3X and T^ are plotted in Fig. 3.3. T3X shows a series of dips
while T3y shows a series of peaks. The positions of dips (or peaks) can be easily
determined by solving dT3x/d[(Px+py)L] = 0 (or dT3y/d[((3x+py)L] = 0 ). Resonance
condition #1 is thereby obtained as follows
Resonance condition #1: (P x
+ Py)L = Q x 2^
(3 19)
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For the twisted resonator, it is not possible to get zero dips (or maximum peaks) by
tuning the coupling ratio at the directional coupler. The
resonance condition is somewhat
destroyed by rotating the birefringent axes at the splice. In fact, it can be shown that both
T3x.min and T3x.max monotonically decrease with the coupling ratio k, while both T3y.rnm
and T3y.maxmonotonically increase with the coupling ratio k.
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3.2.2. Characterization of Fringes
The fringes of single fiber optic ring resonator can be characterized by the free
spectral range (FSR) and the finesse F in a similar way to that of Fabry-Perot resonator. In
order to take into account the changes of fringes with environmental variations when
polarization crosstalk exists, other two parameters, amplitude A and spacing difference
AFSR, are here introduced.
3.2.2.1. The straight resonator (without deliberate birefringence axis rotation
at splice: 9S = 0). The free spectral range FSR in angular frequency is obtained from










where Aco is the spectral width at the points with the intensity of half amplitude A. A is in
turn defined as
A=Imax-Imin (3.26)
where Imax is the maximum intensity of the fringe and Imin is the
maximum intensity of the
fringe.
3.2.2.2. The twisted resonator (with deliberate birefringence axis rotation at
splice: 9S = 90). The free spectral range FSR in angular frequency
is obtained from
Equation (3.11) as follows
Missing Page
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3.3.1. Dependence on the Crosstalk of the Directional Coupler
3.3.1.1. The straight resonator. When polarization crosstalk is present at the
directional coupler, the typical curves of T3x and T4X are plotted in Fig.3.4 and Fig. 3.5
corresponding to the following two different conditions, respectively
LAn = mX and LAn = (m + 1/2)A. (3.29)
where m is an arbitrary integer.
In practice, both the fiber loop length and the birefringence of pp fiber are sensitive to
environmental variations. Considering that the fiber loop length is relatively long, the
birefringence change is the key factor to affect the characteristics of the ring resonator.
Even very tiny birefringence change will cause LAn to change from one condition to
another. The detailed study based on the full model can lead to the following conclusions:
(1) When LAn = mX, an additional series of peaks appear between the principal
resonant modes of component T3X, but the free spectral range, finesse and amplitude of the
principal resonant modes remain unchanged related to the case with no polarization
crosstalk. Component T4X remain totally unchanged related to the case with no polarization
crosstalk.
(2) When LAn = (m + H2)X, mode splitting occurs at the principal resonant modes
of both components T3X and T4X. The finesse and amplitude decrease, while the free
spectral range remains unchanged related to the case with no polarization crosstalk. Mode
splitting will not occur for the case
with low finesse, but the changes in the finesse and
amplitude always exist. Besides, the changes in the finesse and the amplitude are maximum
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(b) Circulating component T4x
Fig. 3.4. Transfer functions of a straight resonator with polarization crosstalk at the directional coupler (t
= 0.01) and under the condition: LAn = m^.; the other parameters are k
= 0.1, Yc = 0.05, and ys = 0.05.
good measures to characterize the effect of polarization crosstalk, which are defined as
follow, respectively
AF = F0 - Fi and AA
= A0 Ai (3.30)
where F0 and Ao are the finesse and the amplitude corresponding to the condition LAn
=
mX; and Fi and Ai are the finesse and the amplitude corresponding to the condition LAn
=
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(b) Circulating component T4x
Fig. 3.5. Transfer functions of a straight resonator with polarization crosstalk at the directional coupler (t
= 0.01) and under the condition: LAn = (m + 1/2)X; the other parameters are k
= 0.1, Yc = 0.05, and ys =
0.05.
3.3.1.2. The twisted resonator. When polarization crosstalk is present at the
directional coupler, the typical curves of T3X and T3y are plotted in Fig.3.6 and Fig. 3.7
corresponding to the following two different conditions, respectively
ALAn = mX and ALAn = (m + V2)X (3.31)
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where m is an arbitrary integer and AL is defined as the difference between two portions of












(a) Output component T3x
(3.32)
(Px + Py)L
(b) Output component T3y
Fig. 3.6. Transfer functions of a twisted resonator with polarization crosstalk at the directional coupler (t
= 0.01) and under the condition: ALAn = m^.; the other parameters are k = 0.1, Yc = 0.05, and Ys = 0.05.
As we mentioned in Section 3.3.1.1, both the fiber loop length and the birefringence
of pp fiber are sensitive to environmental variations. However, comparing Equation (3.31)
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with Equation (3.29), we notice that it is the difference AL that functions in Equation
(3.31). The difference AL can be maintained much less than one millimeter by using a
method we will proposed in Section 5. Therefore, although the birefringence change is still
the key factor to affect the characteristics of the ring resonator, it can be expected that the
amount of birefringence change which causes ALAn to change by half a wavelength will be
much less than that which causes LAn to change by half a wavelength in the straight
resonator. The detailed study based on the full model can lead to the following conclusions:
(1) When ALAn = mX, the fringes of component T3X essentially remain unchanged
related to the case with no polarization crosstalk, but the fringes of component T3y become
asymmetric. The neighbor amplitudes are unequal, while the "free spectral range remain
unchanged related to the case with no polarization crosstalk. The finesse is not well defined
because of the asymmetry of the fringes. It is found that the difference between the
amplitudes of two neighbor peaks is maximum at this condition. The amplitude difference
of component T4X at this condition is hence a good measure to characterize the effect of
polarization crosstalk, which is defined as
AA = A2_Ai (3.33)
(2) When ALAn = (m + 1/2)A., the fringes of both components T3X and T3y become
asymmetric. The neighbor spacings are unequal, while the maxima of the peaks (or the
minima of the dips) are equal. The finesse is also not well defined because of the
asymmetry of the fringes. It is found that the difference
between the two neighbor spacings
is maximum at this condition. The spacing difference at this condition is hence a good
measure to characterize the effect of polarization crosstalk, which is defined as
AFSR= iFSRj-FSR^ (334)












(a) Output component T3,
0.0
(Px + P7)L
(b) Output component T3y
Fig. 3.7. Transfer functions of a twisted resonator with polarization crosstalk at the directional coupler (t
= 0.01) and under the condition: ALAn = (m + 1/2)A.; the other parameters are k = 0.1, yc = 0.05, and ys =
0.05.
It should be noted that mode splitting is inherently avoided for the twisted resonator.
Moreover, each fringe is identical to every other one, and the spacing between them is
exactly two times of the free spectral range corresponding to the case with no polarization
crosstalk, that is, the relationship, FSRi + FSR2 = 2FSR, always holds.
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The detailed study also reveals that AF, AA, and AFSR, which defined before,
increase nonlinearly and monotonically with polarization crosstalk.
3.3.2. Dependence on the Crosstalk of the Splice
Similar to Section 3.3.1, we can get the following conclusions based on the full
model. The corresponding curves are not presented here.
3.3.2.1. The straight resonator. When polarization crosstalk at the splice is
present and environmental variations cause LAn to change by half a wavelength, mode
splitting occurs at the resonant modes of both components T3X and T4X. The finesse and
amplitude decrease, while the free spectral range remains unchanged related to the case with
no polarization crosstalk.
3.3.2.2. The twisted resonator. When polarization crosstalk at the splice is
present and environmental variations cause ALAn to change by half a wavelength,
(a) for component T3X, the neighbor spacings and amplitudes will be unequal and
(b) for component T3y, the neighbor spacings will be unequal while the neighbor
amplitudes are always equal.
3.3.3. Dependence on the Crosstalk of the Input Port
Similar to Section 3.3.1, we can get the following conclusions based on the full
model. The corresponding curves are not presented
here.
3.3.3.1. The straight resonator. Even though polarization is present at the
input port, the resonant characteristics do not change
for both components T3X and T4X,
except the DC level of component T3X is slightly lowered. The reason is that we have
assumed there is no polarization crosstalk at the coupler and at the splice. Therefore, both
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x-component and y-component of the field in the fiber loop resonate separately. When there
is polarization crosstalk at the coupler at the splice at the same time, we find that a
equivalent misalignment angle of 5.5, corresponding to the polarization crosstalk
coefficient of 0.01, does not cause any significant change to the resonant characteristics of
both components T3X and T4X.
3.3.3.2. The twisted resonator. When polarization crosstalk at the splice is
present and environmental variations cause either L0An or ALAn to change by half a
wavelength, the neighbor amplitudes will be unequal, while the free spectral range remains
unchanged related to the case with no polarization crosstalk.
3.4. Summary
In this section, the resonant characteristics of both the straight resonator and the
twisted resonator were analyzed based on the established full model, which can predict the
effect of polarization crosstalk at the directional coupler, the splice and the input port. It
was found that environmental variations cause the straight resonator to show mode
splitting, finesse change and amplitude change; and cause the twisted resonator to show
asymmetric fringes, unequal neighbor spacings and unequal neighbor amplitudes when
polarization crosstalk is present.
As we mentioned in Section 3.3, the amount of birefringence change which causes
ALAn to change by half a wavelength will be much less than that which causes LAn to
change by half a wavelength in the straight resonator. Nevertheless, we can not conclude
that the twisted resonator is more stable than the straight resonator. It is under the condition
LAn = (m+l/2)X that the straight resonator shows mode splitting. Otherwise, the straight
resonator is stable. On the other hand, it is under the condition ALAn
= mX or ALAn =
(m+l/2)X, that the twisted resonator shows equal spacings or equal amplitudes. Otherwise,
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the twisted resonator generally shows unequal spacings or unequal amplitudes to a certain
degree. Besides, the twisted resonator is very sensitive to the environmental variations
when polarization crosstalk is present at the input port, depending on the change of LoAn
by half a wavelength.
If a dual ring system is constructed with two individual fiber optic ring resonator with
polarization crosstalk, its characteristics will obviously change with environmental
variations. The finesse change and the amplitude change may cause the sensitivity to vary;
and the unequal spacings will distort the output signal. The effects of single fiber optic ring
resonator on the characteristics of dual ring resonator system will be completely
investigated in Section 4.
4 . PERFORMANCE ANALYSIS ON FIBER OPTIC SENSOR
BASED ON DUAL RING RESONATOR SYSTEM
The previous section described the characteristics of semiconductor light sources, pp
fiber, pp fiber directional coupler and splice, as well as single pp fiber ring resonator. Now
we proceed to conduct the performance analysis on fiber optic sensors based on dual ring
resonator system. The emphasis will be put on the detection sensitivity and its change with
environmental variations when polarization crosstalk is present. Some attention will also be
paid to the elimination of the effect of phase noise and frequency shift of semiconductor
light sources and the effect of mismatch between resonant loops of two individual
resonators.
4.1. Theoretical Background
The fiber optic sensors based on dual ring resonator system operate in a different way
from other interferometer based fiber optic sensors. The dual ring resonator configuration,
which allows the use of low coherence sources, offers a lot of flexibility and stability.
Better performance can be predicted. However, their phase modulation mechanism and
method for demodulation of light are similar. Here we will first review the principle of
operation and phase modulation mechanism. A detection scheme, which is particularly
suitable for fiber optic sensors based on dual ring resonator system, will than be discussed.
4.1.1. Principle of Operation
A dual fiber optic ring resonator is schematically shown in Fig. 4.1. Both the
reference resonator and the sensing resonator are made of PP fiber directional coupler by
connecting its two opposite ports with a splice. Light from a low coherence source is
48
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launched into the input port of the reference resonator via a linear polarizer, which is
carefully aligned with one of the birefringence axes of PP fiber. Polarizers 2 and 3 are also
well-aligned. Therefore, the sensing resonator is excited by the linearly polarized light from























Fig. 4.1. Dual fiber optic ring resonator system
In the dual ring system, the reference resonator is to be located, with the electronics,
in a benign environment; and the sensing resonator is remote and passive. The fiber optic
link between the two ring resonators serves only to transmit light power. The use of the
low coherence source is the key to operation of this system. No interference will result if
the light is transmitted through either ring resonator separately. When transmitting through
the system, the emitted broad spectrum from low coherence sources is spectrally modulated
by the reference resonator and the sensing resonator. Fringes of superposition result when
there is any change in optical path difference between the two ring resonator loops, which
is similar to the case of dual Fabry-Perot system[16]. Both the reference resonator and the
sensing resonator can be characterized by spectral transfer functions Tr(co) and Ts(co),

























Fig. 4.2. The principle of operation of fiber optic sensor based on dual ring resonator system; (a) the
power spectrum of semiconductor light source; (b) the transfer function of the reference resonator; (c) the
light power distribution after the reference resonator; (d) the transfer function of the sensing resonator.
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of fiber optic sensor based on dual ring resonator system. A notch filter and a comb filter
are used in this diagram. The bandwidth of the broad source defines a window which
contains several dips (or peaks). Some frequency components are filtered out after going
through the notch filter. The resultant light beam is then modulated by the comb filter when
the comb filter shifts relative to the notch filter. The relative shift results from the change in
optical path difference between the loops of the reference resonator and the sensing
resonator. The fringes will be obtained from the final output power. For the case of a notch
filter in combination with a comb filter, the minimum transmission occurs when the dips
coincide with the peaks. The final output light power from the dual ring resonator system is
given by the integral
P = J_ I(co)Tr(co)Ts(co)dco
where I(co) is the lineshape function which characterizes the spectral power distribution of
the light source. As we mentioned in Section 2.1.4, the power spectrum is Lorentzian in
shape for semiconductor light sources, which is given by Equation (2.1). Because of the
normalization of the power spectrum I(co), the output intensity given by Equation (4.1) is
also normalized.
The integral in Equation (4.1) is evaluated by numerical methods. Both Tr(co) and
Ts(co) are, as extensively discussed in Section 3, periodical functions
of frequency. It
should be noted that the final output power is a periodic function of the change in optical
path difference between the loops of the reference resonator and the sensing resonator. The
amount of the change in the optical path difference which causes the final output power to




for the straight resonator, and
A[(nx + ny)L]=X0 (4 3)
for the twisted resonator. Where Xq is the emitting central wavelength of light in vacuum.
4.1.2. Phase Modulation Mechanism in PP Fiber
Phase modulation of light as a highly sensitive monitor of environmental changes has
been increasingly exploited over the past hundred years[16]. The principal attraction of
optical phase modulation is its intrinsically high sensitivity to environmental modulation, so
that very high resolution measurements are feasible. The incorporation of optical fibers into
interferometers will ease the alignment difficulties inherent in assembling interferometers
with long arms, and increase the sensitivity of the phase modulation to the environmental
parameter simply by increasing the optical path length exposed to the measurand.
The phase modulation mechanism in conventional single-mode fiber has been well
investigated[51-53]. Because of the introduction of the stress-producing regions in pp
fiber, the phase modulation mechanism in pp fiber is much more complicated. Usually,
numerical methods have to be used for stress calculation of pp fibers[54, 55]. However,
the Young's modulus and Poisson's ratio are essentially the same for most glasses, and
both types of fibers possess similar phase modulation mechanism. Here we will give a
qualitative description, rather than get down to the quantitative details, of the phase
modulation mechanism in pp fiber. The detailed derivative for various types of pp fibers is
beyond the scope of this thesis.
The total phase of the light path along an optical fiber depends on three properties of
the fiber guide:
its total physical length,
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the refractive index and the index profile,
the geometrical transverse dimensions of the guide.
This assumes, of course, that the lightwave input to the fiber is monochromatic of
wavelength Xq in air.
It is usually assumed that the index profile remains constant with environmental
variations, so that the evaluation of the depth of phase modulation concentrates on
variations in length, refractive index, and guide dimensions alone. These variations may
then themselves be evaluated for a given perturbation applied to the fiber, and hence the
phase sensitivity of the fiber to this perturbation can be estimated. The total physical length
of an optical fibermay be modulated by:
application of a longitudinal strain,
thermal expansion,
application of a hydrostatic pressure causing expansion via Poisson's ratio.
The refractive index varies with:
temperature,
pressure and longitudinal strain via photoelastic effect;
and the guide dimensions vary with:
radial strain in a pressure field,
longitudinal strain through Poisson's ratio,
thermal expansion.
Variations in environmental parameters other than pressure, strain and temperature must be
converted to cause phase modulation. Thus the design of an optical fiber phase modulated
transducer is in effect a two-stage process: the first stage involves the optics and the
interferometer, and the second one involves the mechanical interactions between the
measurand and the modulation of phase in the fiber.
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The effect of a pure change in length, 5L, on the phase of light propagating in the





where Xg is the wavelength of the light in the guide and e, is the longitudinal strain. The
effect of a change in refractive index An is equally readily derived to be
6<))n = -? LAn
g (4.5)
in the limit that the change in Xg is negligible. The effect of a change in fiber core diameter
is a lime more complicated to derive.
In some sensing applications, reduced sensitivity is desirable when other parameters
are of interest, in order to remove the superimposed environmental noise. This is made
possible through appropriate combinations of glass and conventional buffer materials and
the corresponding thickness to result in zero pressure sensitivity[56]. Similarly, the
temperature sensitivity of the fiber can be reduced by coating it with a material of negative
expansion coefficient[57].
4.1.3. Detection Scheme
In fiber optic sensors, all the principal parameters which describe a light beam may be
modulated, sometimes simultaneously. These include light intensity, optical phase,
polarization, frequency (via, for example, a Doppler shift) and spectral distribution. Fiber
optic sensor based on dual ring resonator system combines spectral distribution modulation
with optical phase modulation. As we know, photodetectors are only capable of detecting
optical intensity, so that all the properties of light must be finally detected as a variation in
the optical intensity. Thus, somewhere in the detection process, there has to be a
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conversion step to produce the modulation (unless it is already intensity) in a detectable
form.
An appropriate detection technique is critical for fiber optic sensors. Interferometric
optic sensors, while capable of high resolution, have in general been accompanied by a
limited unambiguous operating range because of the periodic nature of the transfer
function. Furthermore, they also have had limited applicability for measurement of
temperature, strain and displacement, owing to the problem of initializing the system, i. e.,
should the interferometer be switched off, all information about the measured phase will be
lost and new initial conditions must be determined when the system is turned on again[58].
These problems have been solved at the expense of detection sensitivity by using a
broadband source and a nearly balanced interferometer[59].
-a fci
a
Fig. 4.3. Signal retrieval by tuning. In the conventional method the point of
operation is set at Aq, and
good linearity is obtained if the phase excursions are sufficiently small.
In the tunable-cavity method the
point of operation is kept at B0 by applying a feedback voltage proportional to the difference B2
- B^
Conventional fiber optic sensors recover the detected signal by simply detecting the
intensity-modulated optical beam resulting from the interferometric
superposition. Fig. 4.2
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shows a typical curve of the detected intensity as a function of the induced phase shift in the
output of an interferometric fiber optic sensor. The signal can be retrieved by setting the
operation point at An, with phase excursions between Ai and A2 in order to avoid
nonlinearity. This restriction sets a limit to the dynamic range. More important, the
recovered signal is highly dependent on position of the operation point. Even if the position
of the operation point is correctly set at Ao initially, it will drift slowly with time because of
thermal fluctuations or frequency shift of light source. This may result in large distortions
or even a loss of the signal to be detected. Such a limitation can be overcome by using a
laser heterodyne method to produce a frequency-modulated signal at an intermediate
frequency. This signal can subsequently be demodulated by standard techniques[60].
However, such a method requires a separate reference beam, which will be susceptible to
the environmental noise.
A much better approach, tunable-cavity detection method, can be adopted for fiber
optic sensors based on dual interferometer system[4]. With reference to Fig. 4.1, the
reference resonator is locked to the sensing resonator in the way that the loop length of the
reference resonator is continuously matched with that of the sensing resonator. Thus, the
operation point is constantly kept in a position such as the point Bo in Fig. 4.3. This can be
achieved by coiling the fiber in the loop of the reference resonator around a piezo-electric
cylinder, whose diameter can be varied by the application of a small control voltage. The
control voltage essentially reproduces the phase fluctuations of the remote sensing
resonator, so that the control voltage itself is the signal to be recovered. The servocircuit
relating the control voltage to the detected signal can be described as follows.
A fast ac
oscillation is superimposed on the control voltage, and the detected intensity is sampled at
the extrema to give the two values Bi and B2 in Fig. 4.3. If the two resonators are
matched, the operation point is exactly at Bo so that Bi
= B2. If there is a mismatch, a
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variation of the control voltage by an amount proportional to Bi B2 will bring the system
back to equilibrium.
The minimun detectable phase shift is related to the capability of detecting the
difference Bi B2. This is analogous to the problem of detecting the difference between the
intensities Ai and A2 in the conventional method, so that the detection sensitivity of the two
methods is essentially the same. However, if the sampling rate is high enough the
tunable-
cavity method makes it possible to follow phase excursions of several cycles, rather than
being limited to 7t/2 as in the first method. Furthermore, this method automatically
compensates for the drift of the operation point. Although thermal fluctuations and
frequency shift of light source will still be sensed in the remote sensing resonator as if they
were part of the signal, if the frequency of the detected signal is high enough compared to
the frequencies of thermal fluctuations or frequency shift of light source, they will not
affect the linearity and the sensitivity of the system because low frequency noise can be
readily filtered out.
4.2. Output Characteristics of Fiber Optic Sensor Based on
Dual Ring Resonator System
According to the operation principle of fiber optic sensor based on dual ring resonator
system, its output characteristics are heavily dependent on its two individual ring
resonators, which are in fact multiple beam interferometers and define the
spectral transfer
functions for the broad source. Therefore, the output characteristics of fiber optic sensor
based on dual ring resonator system are similar to those of a
conventional Fabry-Perot
interferometer. Although we can characterize the output from fiber optic sensor based on
dual ring resonator system as we usually do with the fringes of multiple beam
interferometers, for example, by means of the free spectral range and finesse, we will use
some characteristic parameters much more relevant to the sensing applications in the
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following discussions. With the characteristic parameters, the shot-noise-limited minimum
detectable phase change of fiber optic sensor based on dual ring resonator system can be
determined. We will further be able to make comparison among different configurations of
the dual ring resonator system.
As we discussed in Section 3, the outputs from both the straight resonator and the
twisted resonator show some irregularities when polarization crosstalk is present.
Nevertheless, we will not deal with the effects of polarization crosstalk on fiber optic
sensor based on dual ring resonator system until Section 4.3. Here we assume the
polarization crosstalk is zero in order to gain an insight into the fundamental features of the
output from fiber optic sensor based on dual ring resonator system.
4.2.1. General Characteristics
When constructing the dual ring resonator system, we can choose the two individual
ring resonators to be the straight resonator or the twisted resonator. On the other hand, both
the straight resonator and the twisted resonator can behave as a comb filter or a notch filter
depending on the component to be used. Therefore, there are a lot of different cases to be
investigated for fiber optic sensor based on dual ring resonator' system. However, it
suffices that we only look into three combinations
between the notch filter and the comb
filter for gaining an understanding of the
general characteristics of fiber optic sensor based
on dual ring resonator system.
Fig. 4.4 shows the typical normalized output intensities for the three combinations
between the notch filter and the comb filter or themselves. All the curves are periodic and
very similar to the output from a
conventional Fabry-Perot interferometer. The combination
between notch filters or the combination between comb filters gives rise to a set of peaks,





























Fig. 4.4. Typical normalized output intensities for different combinations between transfer functions; (a)
notch filter - notch filter; (b) notch filter - comb filter; (c) comb filter - comb filter. Both the reference
resonator and the sensing resonator are twisted and identical; and the relevant parameters are:, k = 0.1, yc =
0.05, Ys = 0.05, t = 0, La = 0.5m, Lb = 0.51m, 6S = 90, Aco = 3.0 x
109
Hz, and Xq = 0.82p.m.
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amplitudes of both the peaks and the dips are much smaller than those of the outputs from
the corresponding individual ring resonator. The detection sensitivity is proportional to
the amplitude[61]. It can hence be predicted that the detection sensitivity of fiber optic
sensor based on dual ring resonator system is much smaller than that of individual ring
resonator.
It can also be found from Fig. 4.4 that the output intensity for the notch filter
- notch
filter combination has the largest amplitude and the highest light level of operation point,
and the comb filter - comb filter combination has the smallest amplitude and the lowest light
level of operation point. On the other hand, it is well known that the shot noise is
proportional to the square root of the light level at the operation point[62]. From the point
of view to reduce the shot noise and achieve as large detection sensitivity as possible at the
same time, we have to seek a compromise when choosing appropriate transfer functions to
construct the dual ring resonator system.
4.2.2. Characteristic Parameters and Shot-Noise-Limited Minimum
Detectable Phase Change
The analysis of signal-to-noise ratio for fiber optic sensor based on dual ring
resonator system is very complicated, because this process is closely related to the special
applications. There are a lot noise sources in a resonator based fiber optic sensor[63].
Some of the noise sources can be reduced to different degrees. In fiber optic sensor based
on dual ring resonator system, as we will see, the noise sources related to semiconductor
light source can be totally eliminated. In this thesis, we do not
attempt to conduct a detailed
analysis of signal-to-noise ratio. Instead, we will define two important characteristic
parameters and apply them to the signal-to-noise ratio
analysis only in presence of shot
noise.
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4.2.2.1. Characteristic parameters. With reference to Fig. 4.3 and Fig. 4.4,
the point of operation for fiber optic sensor based on dual ring resonator system is set at the
extremum of its output intensity (at the maximum or the minimum in accordance with the
corresponding combination between transfer functions). If the phase excursion between Bi
and B2, as shown in Fig. 4.3, is chosen properly, the maximum detection sensitivity can




where P is the normalized output intensity and 9 is the phase difference between the loops
of two individual resonators, which is given by
cp=|^A(nxL)
ko (4.7)
for the straight resonator or
cp= YLA[(nx+n )L]
Xo (4.8)
for the twisted resonator. At the point cp
= cp0, the detection sensitivity has its maximum
value. The light level at the point cp
= cp0is closely related to the shot noise, and we
denote
it by the symbol I0- Sopt and I0 are the two important
parameters we will study.
4.2.2.2. The shot-noise-limited minimum detectable phase
change. We
now discuss the shot-noise-limited operation for the minimum detectable phase
change.
Assume Pout(<Po) and Pin are the output intensity and the
input intensity, respectively, of
the fiber optic sensor based on dual ring resonator system. Under the
condition of optimum
detection, a small change in nxL (for the straight resonator) or (nx + ny)L
(for the twisted
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resonator) is believed to be a signal of origin, which results in a small phase change Acp and
(po- The output intensity can be represented by a series expanded around the point cp = (po:
P
out (cp0 + Acp)
=
Pom(cpo) +AcpP'ou[(cpo) + ... (49)
where
Pout((Po) =SoptPin (4.10)
Since the short region of the output curve around the point cp
=
90 is approximately linear,
the higher-order terms in Equation (4.9) are negligible for our analysis. Therefore, the first











where e is the electron charge, rj is the quantum efficiency of the photodetector,
h is
Planck's constant, v0 is the central emitting frequency, and B is
the bandwidth of the
detection circuit. Pout(<po) is related to Pin by the parameter I0:
Pout(<Po)=I0Pin (4.13)
Referring to Equations (4.10) and (4.13),











Finally, use of Equations (4.14) and (4.15) gives the signal-to-noise ration (SNR):
is / Tlpin
n -V znvomo (4.16)




min S / TlP
optA/ '' in (4.17)
We can conclude from Equation (4.17) that higher maximum detection sensitivity
Sopt. higher input intensity P,n, and lower light level at the point with the maximum
detection sensitivity Io are desirable in order to reduce the minimum detectable phase
change Acpmin. Therefore, semiconductor laser diodes are superior to semiconductor light
emitting diodes, because the former have larger output light power, and we should try to
achieve higher S0pt and lower Io at the same time.
4.2.3. Comparison of Characteristic Parameters among Different
Configurations
As we mention before, there are a lot of configurations for the dual ring resonator
system. After defining the characteristic parameters for fiber optic sensor based on dual
ring resonator system, we can use the criterion of the shot-noise-limited minimum
detectable phase change to determine which configuration(s) is(are) the best. The best
configuration(s) will be further investigated in the following sections.
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Table 4.1 shows the characteristic parameters of the configuration in which both
individual ring resonators are identical straight resonators. There are three combinations
between notch filter and comb filter for this configuration. The characteristic parameters of
the configuration with both identical twisted resonators are shown in Table 4.2. There are
also three combinations between notch filter and comb filter for this configuration. It can be
found from Table 4. 1 and Table 4.2 that the notch filter - comb filter combination achieves
the smallest shot-noise-limited minimum detectable phase change for both cases. In
computation of the shot-noise-limited minimum detectable phase change, the relevant
parameters are taken as Pm = O.lmW, rj = 0.5, Xq = 0.82u.m, B = 1Hz, and h = 6.626 x
10 j. sec.
Table 4.1. Typical characteristic parameters of fiber optic sensor
based on dual ring resonator system with two straight resonators.
Combinations Io Sopt Acpmin (rad)














Table 4.2. Typical characteristic parameters of fiber optic sensor
based on dual ring resonator system with two twisted
resonators.
Combinations Io Sopt A(pmin (rad)

















Similarly, the configuration consisting of a twisted resonator and a straight resonator
is studied. Table 4.3 shows the case with the output component (notch filter) of the straight
being used, while Table 4.4 shows the case with the circulating component (comb filter) of
the straight resonator being used. Once again, we find that the notch filter - comb filter
combination achieves the smallest shot-noise-limited minimum detectable phase change for
both cases.
Table 4.3. Typical characteristic parameters of fiber optic sensor
based on dual ring resonator system with one straight resonator
(notch filter only) and one twisted resonator.
Combinations Io Sopt Acpmin (rad)










Table 4.4. Typical characteristic parameters of fiber optic sensor
based on dual ring resonator system with one straight resonator
(comb filter only) and one twisted resonator.
Combinations Io Sopt Acpmin (rad)












In all previous computations, we assume that the loop length of the straight resonator
(6S = 0) is as two times as that of the twisted resonator (0S
= 90): for the straight
resonator La = 1.0m, Lb = 1.02m, and for the twisted resonator La
= 0.5m, Lb = 0.51m,
so that the free spectral ranges of the two resonators are equal according to Equations
(3.24) and (3.27). Other configuration parameters are identical: k
= 0.1, yc = 0.05, ys =
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0.05, and t = 0; and the parameters for the semiconductor light source are Aco = 3.0 x
IO9
and Xq = 0.82p.m. Therefore, it is reasonable to make comparison among different
configurations shown in Table 4.1 through Table 4.4. It seems that the use of the
circulating component (comb filter) of the straight resonator in combination with any other
components always achieves the smallest shot-noise-limited minimum detectable phase
changes. However, the use of this component requires an directional coupler to be
incorporated into the resonator loop [8], so that additional loss and noise, which are not
taken into account here, will inevitably be introduced and the actual achievable shot-noise-
limited minimum detectable phase change will be larger. Any other configuration with the
notch filter - comb filter combination is hence also promising for fiber optic sensor based
on dual ring resonator system in term of shot-noise-limited minimum detectable phase
change.
4.3. Effect of Polarization Crosstalk
We have ignored polarization crosstalk in the previous analysis of fiber optic sensor
based on dual ring resonator system. Without polarization crosstalk, both individual
straight resonator and individual twisted resonator will give rise to well-defined transfer
functions with equal neighbore spacings and equal neighbore amplitudes. Unfortunately,
polarization crosstalk exsists in any fiber optic ring resonator. The effect of polarization
crosstalk on the performance of single ring resonator was studied in Section 3. It was
found that the transfer functions resulted from both straight resonator and twisted resonator
change drastically with even very small environmental variations in presence of polarization
crosstalk. We now investigate the effect of polarization crosstalk on fiber optic sensor
based on dual ring resonator system. We will concentrate on the polarization crosstalk at
the diractional coupler. The reason is that the diractional coupler usually contributes most
polarization crosstalk to the dual ring resonator system. Also, only the cases of the notch
Section 4 67
filter - comb filter combination will be studied, because we already knew that it is this
combination that has the smallest shot-noise-limited minimum detectable phase change.
4.3.1. Change in Output Characteristics
It is the conclusion of Section 3 that environmental variations cause the transfer
functions of the straight resonator to show mode splitting, finesse change and amplitude
change, and cause the transfer functions of the twisted resonator to show asymmetric
fringes, unequal neighbor spacings and unequal neighbor amplitudes when polarization
crosstalk is present. The output characteristics of fiber optic sensor based on dual ring
resonator system, which are heavily dependent on the transfer functions of its two
individual resonators, will hence change with environmental variations to some degree. We
wish to find out appropriate dual ring resonator configuration(s) from which a stable output
characteristic could be obtained.
Fig. 4.5 through Fig. 4.8 show the output characteristics from four possible
configurations with the notch filter - comb filter combination. All the parameters for the
straight resonator, the twisted resonator and the light source are the same as those used in
Section 4.2.3, except that a polarization crosstalk coefficient of 0.01 at the directional
coupler is here introduced. The finesse is accordingly determined to be F
= 30.3 for the
straight resonator, and F = 15.2 for the twisted resonator. In order to gain a comprehensive
understanding on the changes in output characteristics
with environmental variations, four
curves are computed for each configurations corresponding to four possible conditions
given by Equations (3.29) and (3.31), i.e., LAn
= mX or LAn = (m + V2)X for the straight
resonator, and ALAn
=ml or ALAn = (m + 1/2)A. for the twisted resonator.
It can be found from Fig. 4.5 through Fig. 4.8 that the output characteristics change









































Fig. 4.5. Changes in output characteristics. The dual ring resonator system consists of a straight
resonator (comb filter only) and a straight resonator (notch filter only) with the finesse of 30.3. The solid
lines represent the condition: LAn = mX and LAn = mX. The dashed lines represent, respectively,

































Fig. 4.6. Changes in output characteristics. The dual ring resonator system consists of a twisted
resonator (notch filter only) and a twisted resonator (comb filter only) with the finesse of 15.2. The solid
lines represent the condition: ALAn = mX and ALAn = mX. The dashed lines represent, respectively,





































Fig. 4.7. Changes in output characteristics. The dual ring resonator system consists of a twisted
resonator (comb filter only) with the finesse of 15.2 and a straight resonator (notch filter only) with the
finesse of 30.3. The solid lines represent the condition: ALAn = mX. and LAn = mX.. The dashed lines
represent, respectively, conditions: (a) mX ~ (m + 1/2)*., (b) (m + 1/2)*.
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Fig. 4.8. Changes in output characteristics. The dual ring resonator system consists of a twisted
resonator (notch filter only) with the finesse of 15.2 and a straight resonator (comb
filter only) with the
finesse of 30.3. The solid lines represent the condition: ALAn = m*. and LAn = m*.. The dashed lines
represent, respectively, conditions: (a) m*. - (m + 1/2)*., (b) (m + 1/2)*.
-
m*., (c) (m + 1/2)*. ~ (m +
1/2)*..
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straight resonator is present in the dual ring resonator system (Fig. 4.5, Fig. 4.7 and Fig.
4.8), the dips and the spacings between dips of the output characteristics are identical
because the transfer functions of the individual straight resonator always show equal
neighbor amplitudes and spacings, though modal splitting may occur under certain
circumstances. On the other hand, if the dual ring resonator system entirely consists of
twisted resonators (Fig. 4.6), asymmetric fringes, unequal neighbor dips, and unequal
neighbor spacings occur in the output characteristics. It is because the transfer functions of
the twisted resonator generally show asymmetric fringes, unequal amplitudes, and
spacings.
A serious problem with the output characteristics in Fig. 4.5 through Fig. 4.8 is that a
flat region or modal splitting occurs at the dips. This problem makes the specific point of
operation unavailable. Obviously, the dual ring resonator system with an ambiguous point
of operation is useless for highly sensitive detection.
The problem of ambiguous point of operation may be solved by stabilizing the local
reference resonator by means of appropriate feedback control. However, it is difficult to
obtain the feedback signal from a single resonator, and it is desirable not to introduce any
additional control electronic system. We noted in Section 3 that there is no modal splitting
in the transfer functions of a straight resonator with low finesse. Intuitively, dual ring
resonator system consisting of individual resonator
with low finesse would have an
improved output characteristic. We now let the configuration parameters be: k
= 0.2, yc =
0. 1, Ys = 0.1, and t = 0.01, which result in a finesse of 14.7
for the straight resonator and a
finesse of 7.5 for the twisted resonator. Other relevant parameters remain unchanged.
The corresponding curves are shown in Fig. 4.9
through Fig. 4.12 for the dual ring
resonator systems consisting of the individual ring resonators with low finesse. We find














































^>\ / \\ 1/ \\ //






Fig. 4.9. Changes in output characteristics. The dual ring resonator system consists of a straight
resonator (comb filter only) and a straight resonator (notch filter only) with the finesse of 14.7. The solid
lines represent the condition: LAn = m*. and LAn = m*.. The dashed lines represent, respectively,














































Fig. 4.10. Changes in output characteristics. The dual ring resonator system consists of a twisted
resonator (notch filter only) and a twisted resonator (comb filter only) with the finesse of 7.5. The solid
lines represent the condition: ALAn = m*. and ALAn = m*.. The dashed lines represent, respectively,




































Fig. 4.11. Changes in output characteristics. The dual ring resonator system consists of a twisted
resonator (comb filter only) with the finesse of 7.5 and a straight resonator (notch filter only) with the
finesse of 14.7. The solid lines represent the condition: ALAn = m*. and LAn = m*.. The dashed lines
represent, respectively, conditions: (a) m*. ~ (m + 1/2)*., (b) (m + 1/2)*.
-






































Fig. 4.12. Changes in output characteristics. The dual ring resonator system consists of a twisted
resonator (notch filter only) with the finesse of 7.5 and a straight resonator (comb filter only) with the
finesse of 14.7. The solid lines represent the condition: ALAn = m*. and LAn = m*.. The dashed lines
represent, respectively, conditions: (a) m*. ~ (m + 1/2)*, (b) (m + 1/2)*. ~ m*, (c) (m + 1/2)*. - (m +
1/2)*,.
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operation can now be definitely defined. However, there are still considerable changes in
output characteristics. It should be noted that there remains modal splitting in the output
characteristics of the dual ring resonator system consisting of two twisted resonators, as
shown in Fig. 3.10 (c). But there are also unsplitting dips for defining the point of
operation for this system, these dips are obtained when the resonant modes of one twisted
resonator coincide exactly with their counterparts of another twisted resonator, because we
knew in Section 3 that the spacing between every other modes is well defined in the twisted
resonator. Comparing Fig. 3.11 with Fig. 3.12, we find that the change in output
characteristics is the same for both configurations. This fact leads us to believe that there is
no reason to use the dual ring resonator system consisting of a straight resonator (comb
filter only) and a twisted resonator (notch filter only), because this system needs an
additional directional coupler.
So far we have assumed that there is no polarization crosstalk at the input port and at
the splice, i.e., 0O = 0 as well as 6S = 0 for the straight resonator and 0S =
90
for the
twisted resonator. However, the generality of our discussion about the effect of
polarization crosstalk was not lost. We were clear in Section 3 that the polarization
crosstalk of the input port and the splice causes the same effect on transfer functions of
single ring resonators as does the polarization crosstalk of the diractional coupler.
Therefore, it can be predicted that the polarization crosstalk of the input port and the splice
will also cause the changes in the output characteristics of dual ring resonator systems, as
shown in Fig 4.5 through Fig. 4.12. Another reason is that the polarization crosstalk of
both the input port and the splice is generally smaller than that of the directional coupler. It
is the polarization crosstalk at the directional coupler that plays a much more important role
in degrading the output characteristics of fiber optic sensor based on dual ring resonater
system.
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4.3.2. Dependence of Change in Detection Sensitivity on Polarization
Crosstalk
According to the curves shown in Fig. 3.9 through Fig 3.12, it is clear that, after the
finesse of individual ring resonator being reduced, considerable change with environmental
variations remains in the output characteristics of dual ring resonator system, though the
point of operation can be well defined. In order to reduce the change, one approach is to
further decrease the finesse. The reduction of finesse will necessarily accompany the
reduction of detection sensitivity, which is obviously undesirable. Another approach is to
reduce polarization crosstalk. In the previous computations, the polarization crosstalk is
assumed to be 0.01. Actually, there is plenty of space to improve polarization crosstalk
when constructing fiber optic sensor based on dual ring resonator system, so that much
smaller polarization crosstalk can be achieved. Now we study the dependence of change ih
detection sensitivity on polarization crosstalk. This relationship can be used for determining
the tolerance of polarization crosstalk for specific fiber optic sensor based on dual ring
resonator system.
It can be concluded from Fig. 4.5 through Fig. 4.12 that the dashed lines show
maximum discrepancy from the solid lines under the condition: LAn
= (m + 1/2)A. (or
ALAn = (m + 1/2)X) ~ LAn = (m + H2)X (or ALAn
= (m + V2)X). Now we define a
parameter As, called relative detection sensitivity change, to characterize this discrepancy.
For a practical detection scheme, with reference to Fig. 4.3, the phase excursion Acp
between points B^ and B2 along the axis of phase change $ should be
set at a constant
value.We choose the value Acp in such a way that the maximum
detection sensitivity Sopt is
obtained when polarization crosstalk does not exist in the dual ring resonator system. In
presence of polarization crosstalk, we apply the constant phase
excursion Acp to the
condition: LAn = mX (or ALAn = mX)





















Fig. 4.13. Dependence of nominal detection sensitivity Si on polarization crosstalk; (a) straight
resonator (comb filter only)
~ straight resonator (notch filter only); (b) twisted resonator (comb filter only)
- twisted resonator (notch filter only); (c) twisted resonator (comb filter only) - straight resonator (notch
filter only). The relevant parameters are: k = 0.2, yc = 0.1, ys = 0.1, Aco = 3 x 10 , Xq = 0.82pm, as well
















0.000 0.005 0.010 0.015
Crosstalk t
Fig. 4.14. Dependence of nominal detection sensitivity S] on polarization crosstalk; (a) straight
resonator (comb filter only)
~ straight resonator (notch filter only); (b) twisted resonator (comb filter only)
- twisted resonator (notch filter only); (c) twisted resonator (comb filter only)
- straight resonator (notch










Fig. 4.15. Dependence of relative detection sensitivity change As on polarization crosstalk; (a) straight
resonator (comb filter only) - straight resonator (notch filter only); (b) twisted resonator (comb filter only)
- twisted resonator (notch filter only); (c) twisted resonator (comb filter only) ~ straight resonator (notch
9
filter only). The relevant parameters are: k = 0.2, yc = 0.1, ys = 0.1, Aco = 3 x 10 , Xq = 0.82pm, as well









Fig. 4.16. Dependence of relative detection sensitivity change As on
polarization crosstalk; (a) straight
resonator (comb filter only)
- straight resonator (notch filter only); (b) twisted resonator (comb filter only)
~ twisted resonator (notch filter only); (c) twisted resonator (comb filter only)
~ straight resonator (notch
filter only). The relevant parameters are: k = 0.28, Yc = 0.15, ys = 0.15, and others are same as
Fig. 4.13.
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solid lines in Fig 4.5 through Fig. 4.12, and we get the nominal detection sensitivity Sj.
Furthermore, we apply the constant phase excursion Acp to the condition: LAn = (m +
l/2)X (or ALAn = (m + V2)X) ~ LAn = (m + U2)X (or ALAn = (m + V2)X), represented
by the dashed lines in Fig 4.5 (c) through Fig 4.12 (c), and we get the nominal detection




The dependence of nominal detection sensitivity Si on polarization crosstalk is shown
in Fig. 4.13 and Fig. 4.14 for three configurations of dual ring resonator system. Fig. 4.13
corresponds to the case in which the straight resonator has a finesse of 14.7 and the twisted
resonator has a finesse of 7.5. Fig. 4.14 corresponds to the case in which the straight
resonator has a finesse of 9.8 and the twisted resonator has a finesse of 5.1. We find that
nominal detection sensitivity Si only decreases slightly when polarization crosstalk
increases.More detailed studies lead to the conclusion that nominal detection sensitivity Si
is actually the maximum detection sensitivity under the condition LAn
= mX (or ALAn =
mX,)
~ LAn = mX (or ALAn = mX). Therefore, the output characteristics under this
condition can be thought to be the ideal curves. Among the three configurations, straight
resonator (comb filter only)
~ straight resonator (notch filter only) always gives rise to the
largest detection sensitivity, while twisted resonator (comb filter only)
~ twisted resonator
(notch filter only) always gives rise to the lowest detection
sensitivity. Comparing Fig.
4.13 with Fig. 4.14, we find that the detection sensitivity of dual ring resonator system
indeed decreases, as we predicted before, with the reduction of the finesse of individual
ring resonator. It should also be noted that the light level of
operation point will increase
with the reduction of the finesse of individual ring resonator at the same time. As a result,
the shot-noise-limited minimum detectable phase change Acpmin of dual ring resonator
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system will increase with the reduction of the finesse of individual ring resonator (See
Section 4.2.2).
Fig 4.15 and Fig. 4.16 show the dependence of relative detection sensitivity change
As on polarization crosstalk for the corresponding cases. We find that the configuration of
twisted resonator (comb filter only)
~ twisted resonator (notch filter only) always has the
smallest relative detection sensitivity change As among the three configurations. This
configuration is hence the stablest dual ring resonator system. We should keep in mind that
the point of operation must be set at the unsplitting modes of the output characteristics in
this system (See Fig. 4.10 (c)). The amount of relative detection sensitivity change As
shown in Fig 4.15 is unacceptable formust sensing applications, so that the finesse of 14.7
for the individual straight resonator and the finesse of 7.5 for the individual twisted
resonator have to be decreased further. From Fig. 4.16, we know that a finesse of 9.8 for
the individual straight resonator and a finesse of 5.1 for the individual twisted resonator
will result in a very stable dual ring resonator system.
4.4. Elimination of Phase Noise and Amplitude Noise of
Semiconductor Light Sources
It has been widely accepted that
semiconductor light sources offer considerable
advantages over any other type of light
sources for fiber optic sensor. However,
semiconductor light sources exhibit both phase and amplitude fluctuations, which result
from inherent spontaneous emission, change in injection
current and change in
temperature[13, 64-65]. All of these fluctuations
contribute to the overall noise in fiber
optic sensor. Here we will pay special
attention to semiconductor laser diodes, because
they are much more noisy than other
two types of semiconductor light sources: light
emitting diodes and superluminescent
diodes. The same analysis process is entirely
applicable to light emitting diodes and superluminescent diodes.
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The principal method for reducing either phase noise or amplitude noise is to stabilize
the laser[66-67]. In the case of amplitude noise a signal derived from a photodetector
monitoring the optical power is fed back to the laser injection current so that the optical
power is maintained constant. The stabilization of the frequency of the laser is much more
complicated. A second cavity (for example, a Fabry-Perot etalon) is used to obtain an
interferometric output dependent on the fluctuation of the mean lasing frequency. This
signal is then used to control the injection current so that frequency fluctuations are
minimized. Although either the intensity or frequency of the laser can be controlled by
varying either the injection current or temperature of the laser, there are not independent
variables and in practise it proves difficult to stabilize both the intensity and frequency of
the laser simultaneously. We will see a very striking property of fiber optic sensor based on
dual ring resonator system in reducing phase and amplitude noise of semiconductor laser
diodes. In fiber optic sensor based on dual ring resonator system, the amplitude noise is
also compensated in the receiver by using a signal from a photodetector measuring only the
output power of the source, while the phase noise can be totally eliminated by constructing
the ring resonator with appropriate length of resonant loop related to the coherence length
of the source.
The phase noise of semiconductor laser diodes exists in the form of the drift of central
emission frequency or the change in linewidth. As we mentioned before, both individual
ring resonators in dual ring resonator system behave as spectral filters. It is obvious that the
effect of the phase noise will be averaged over several resonant modes of the transfer
functions of individual ring resonator if there are a reasonable number of resonant modes
within the linewidth of the source. Compared with the free spectral range (FSR) of the
individual ring resonator, the change in linewidth of the laser is usually so small that it can
be negligible. What does matter here is the drift of central emission frequency. Fig 4.17



































Fig. 4.17. Effect of central emission frequency drift on the output characteristic of dual ring resonator
system; (a) Aco/FSR = 1.0; (b) Aco/FSR = 2.5; (c) Aco/FSR = 4.0. The relevant parameters are: k = 0.2,
7c
= 0.1, Ys = 0.1, Gsl = 90. 0S2 = 0, Lal = 0.5m, Lbl = 0.51m, La2 = 1.0m, and Lb2 = 1.02m. Solid
lines: central frequency coincides with resonant mode. Dashed lines: central frequency shifts from resonant
mode by half a FSR.
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resonator system. When the linewidth of the source is about the same as the the free
spectral range (FSR) of the individual ring resonator, the output characteristic of dual ring
resonator system shows considerable change with the drift of central emission frequency
(See Fig 4.17 (a)). This change decreases as the ratio of the linewidth Aco to the free
spectral range FSR increases. Finally, the output characteristic of dual ring resonator
system essentially shows no change with central emission frequency drift when the ratio of
the linewidth Aco to the free spectral range FSR increases up to a factor of 4, that is, there
are about four resonant modes fallen within the linewidth of the source (See Fig. 4.17(c)).
Generally, we can define a parameter, length ration R, to relate the linewidth Aco to the free






where R is a constant. From Equations (2.4) and (2.5), we know Aco is related to the




while FSR is related to the resonant loop length L by Equations (3.24) and (3.27).We can
hence rewrite Inequality (4.19) in terms of the coherence
length Lc of the source and the











for the twisted resonator. Equations (2.21) and (4.22) give the relationships which must be
met by fiber optic sensor based on dual ring resonator system in order to get a stable output
characteristic. We find that the length ration R is dependent on the finesse of individual ring
resonator. The larger the finesse, the smaller the length ratio R. For the finesse from 5 to
20, the length ratio R is generally within the region from 2.5 to 5. According to Inequalities
(2.21) and (4.22), it is obvious that the coherence length of the source must be much
smaller than the resonant loop length of the individual ring resonator. As we mentioned
before, no interference will result if the light is transmitted through either individual ring
resonator separately in fiber optic sensor based on dual ring resonator system.
It should be noted that Inequalities (4.21) and (4.22) always hold for semiconductor
light emitting diodes and superluminescent diodes, because they have so large a linewidth.
For semiconductor laser diodes, we have to be careful to choose the right source with
appropriate coherence length in accordance to the resonant loop length of the individual ring
resonator.
4.5. Effect of Mismatch between Resonant Loops of Two
Individual Ring resonators
So far we have assumed that the resonant loops of the two individual ring resonators,
which comprise the dual ring resonator system, were perfectly matched, i.e., the loop
lengths were equal if the dual ring resonator system
consisted of either two straight
resonators or two twisted resonators; and the loop length of the straight resonator was as
twice as that of the twisted resonator if the dual ring resonator consisted of one straight
resonator and one twisted resonator. It should be noted that the mismatch between two
resonant loops is actually in the sense of optical path
difference. Obviously, this perfect
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Fig. 4.18. Change of normalized optimum detection sensitivity Sopt/S0 with the resonant loop
mismatch for different finesses; (a) Finesse = 7.5 (k = 0.2, Yc = 0.1, Ys = 0.1, and t = 0); (b) Finesse = 5.1
(k = 0.28, yc = 0.15, Ys = 0.15, and t = 0). The dual ring resonator system consists of two identical twisted




















Fig. 4.19. Change of normalized optimum detection sensitivity Sopl/S0 with the resonant loop
mismatch for different linewidths of light source; (a) Aco/FSR = 4.8; (c) Aco/FSR
= 9.6. The dual ring
resonator system consists of two identical twisted resonators with a finesse of 7.5 (k
= 0.2, Yc = 0.1, Ys =
0.1, and t = 0), and the the central emission wavelength of the light source is Xq
= 0.82um.
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physical inhomogeneity of optical fiber. Now we investigate the effect of the resonant loop
mismatch on fiber optic sensor based on dual ring resonator system.
For the dual ring- resonator system with perfectly matched resonant. loops, the
spacings between the resonant modes of the two individual ring resonators are equal, so
that the two sets of resonant modes, with reference to Fig. 4.2, can be made coincide
anywhere when the dual ring resonator system is scanned. The maximum optimum
detection sensitivity can be achieved. We define this maximum optimum detection
sensitivity as So. If there is any mismatch in the resonant loops of dual ring resonator
system, the spacings between the resonant modes of the two individual ring resonators are
not equal, and it is no longer possible to make coincide the two sets of resonant modes over
a wide frequency region. The optimum detection sensitivity S0pt will accordingly
decreased. We will use the ratio of the decreased optimum sensitivity S0pt to the maximum
optimum detection sensitivity So, called normalized optimum detection sensitivity, to
measure the effect of the resonant loop mismatch on the detection sensitivity of fiber optic
sensor based on dual ring resonator system.
Fig. 4.18 shows the change of normalized optimum detection sensitivity with the
resonant loop mismatch for different finesses, and Fig. 4.19 shows the change of
normalized optimum detection sensitivity with the resonant loop mismatch for different
linewidths of the light source. The value of normalized optimum detection sensitivity
decreases very rapidly when the resonant loop mismatch increases. The dual ring resonator
system consisting of the
individual ring resonators with higher finesse changes its
normalized optimum detection sensitivity more rapidly than the dual ring resonator system
consisting of the
individual ring resonators with lower finesse (Fig. 4.18). It is also found
from Fig. 4.19 that the use of the light source with broader spectrum give rise to faster




through the operation principle of fiber optic sensor based on dual ring resonator system
described in Section 4.1.1. The spacings between the two sets of resonant modes
different if resonant loop mismatch is present in dual ring resonator system. When such
unmatched dual ring resonator system is scanned to get fringe signal from the output
power, only a few resonant modes around the central emission frequency of the light
source contribute to the modulation of the fringes. The effects of the other resonant modes
are averaged and simply give rise to the DC level of light of fringes. The higher finesse, the
fewer useful resonant modes which make contribution to the modulation of the fringes. The
larger the linewidth of the light source, the less power around the center emission
frequency which can be made use of.
It is reasonable to define a criterion for the change of normalized optimum detection
sensitivity. The tolerance of resonant loop mismatch is thereby determined. For example,
we set the criterion as the normalized optimum detection sensitivity must be greater than
0.8. According to Sections 4.3 and 4.4, a fiber optic sensor based on dual ring resonator
system should be made from individual ring resonators with, low finesse in order to
compensate environmental noise, and should maintain an appropriate length ration R =
Aco/FSR in order to eliminate the phase noise of laser diodes. Curve B in Fig. 4.18
corresponds to such a configuration. It can be determined from Fig. 4.18 that the loop
mismatch in such a configuration should be less than 1%. On the other hand, we can
conclude from Fig. 4.19 that the use of semiconductor light emitting diodes or
superluminescent diodes will result in a very serious problem in matching the resonant
loops, because their linewidths are so large that even small mismatch in resonant loops will
make the normalized optimum detection sensitivity considerably low. It can be predicted
that it is hard to observe fringes in a dual ring resonator system using semiconductor light




Fiber optic sensor based on dual ring resonator system was completely studied in this
section. After the overview of the operation principle, phase modulation mechanism, and
detection scheme, a comparison was made among all possible configurations of dual ring
resonator system in term of the shot-noise-limited minimum detectable phase change. The
best configurations were found to be those with the notch filter - comb filter combination.
Because of the existence of polarization crosstalk, the output characteristics of fiber optic
sensor based on dual ring resonator system would drastically change with environmental
variations. This environmental change can be reduce by lowering the finesse of the
individual ring resonators. Therefore, it can be concluded that fiber optic sensor based on
dual ring resonator system has to be constructed by individual ring resonators with low
finesse, even though at the expense of low detection sensitivity. Moreover, it was found
that fiber optic sensor based on dual ring resonator system with properly selected resonant
loop length of individual ring resonator can eliminate the phase noise of semiconductor
light source, while the amplitude noise can be compensated by conventional method.
Finally, the effect of mismatch between resonant loops of two individual ring resonators
was also discussed. To our knowledge, it was the first time for such a comprehensive
theoretical work on this subject to be done.
5 EXPERIMENTS
Based on the analyses in the previous sections, we realize that fiber optic sensor
based on dual ring resonator system is a very complex system which requires good control
over a considerable number of configuration parameters in order to achieve satisfactory
performance. First of all, it is essential that the operation wavelength of the light source, pp
fiber, pp fiber directional coupler and detector fall within the same region. Besides, the
linewidth of the light source as well as finesses and loop lengths of the individual ring
resonators have to be appropriately selected. Most important js that the misalignment of
birefringent axes and inherent polarization crosstalk of pp fiber, pp fiber directional
coupler, polarizer, and lens must be as small as possible. Moreover, properly designed
electronic control system is also necessary.
Because of difficulties in finding appropriate devices from our Labs, we did not
attempt to construct a fiber optic sensor based on dual ring resonator system for some
specified sensing applications. Instead, a dual ring resonator system was set up with
available devices and its output characteristics were demonstrated in experiment.
5.1. Description of Experimental Setup
In experiment we set up the dual ring resonator system as shown in Fig. 5.1. Both
the reference resonator and the sensing resonator were constructed by connecting two
opposite ports of pp fiber directional coupler with a well aligned
splice in terms of
birefringent axis and coupling loss. Lens Li was used to collimate light from the
semiconductor laser diode, while lens L3 was used to collimate light from the output port of
the reference resonator. The collimated light beams, after going through a linear polarizer,
were focused into the input ports of the reference resonator and the sensing resonator by
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lens L2 and L4, respectively. The rotatable X/2 waveplate was used to maximize the input
light. Linear polarizer Pi was carefully aligned with one of the birefringent axes of the pp
fiber at the input port of the reference resonator. The alignment of polarizer Po was a little
more complicated, because it must be aligned with the appropriate birefringent axis of the
output port of the reference resonator and one of the birefringent axes of the input port of
the sensing resonator. Finally, linear polarizer P3 was aligned with the appropriate
birefringent axis of the output port of the sensing resonator to get a linearly polarized output
beam from the dual ring resonator system. A small pan of pp fiber in the resonant loop of
the reference resonator was attached onto a piezoelectric phase modulator M. A low
frequency (60Hz) sinusoidal wave was applied to the phase modulator, and the final output





















L: Lens P: Linear Polarizer DC: Directional Coupler S: Splice
Fig. 5.1. Schematic of experimental setup
The two pp fiber directional couplers used in our setup were made by Canadian
Instrumentation and Research Limited. Their coupling ratios were adjustable from zero to
unity by tuning a micrometer. The specification for loss of these two directional couplers
was 0.05dB 0.2dB. Careful attention was paid to making the geometrical lengths of the
resonant loops equal and putting the splices at the middles of the resonant loops as possible
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as we could. After finishing preparation of the pp fiber endfaces, we measured the fiber
length at each port and got the following data:
Lai = 105.4 0.2cm Lbi = 107.2 0.2cm
La2 = 106.4 0.2cm Lb2 = 106.4 0.2cm
Hence, the two resonant loops mismatched by about one part per thousand, but the actual
resonant loop mismatch might be different to some degree, because the geometrical
measurement error and physical inhomogeneity of optical fiber were not taken into account.
Assuming n = 1.5 and An = 0.0005, we determined the finesse to be FSR = 5.91 x
108
Hz for the straight resonator, and FSR = 2.96 x
108
Hz for the twisted resonator.
Both the lenses and the polarizers used in the experiment were carefully selected
among all available devices to avoid introducing any noticeable additional polarization
crosstalk. We found the selected ordinary microscope objectives, though not stress free,
had reasonably small polarization crosstalk. Polarizers Pi and P2 were selected to be two
available crystal polarizers, and polarizer P3 was the best plastic polarizer we had. The light
source was a single mode semiconductor laser diode, TOLD9211, made by Toshiba
Corporation. Its central emission wavelength was 670nm and threshold current was 40mA.
The data about its linewidth was not available. Because the free spectral ranges of the ring
resonators were fixed by the resonant loop lengths, we tried to vary the linewidth Aco of the
laser diode by changing its injection current in order to get the appropriate length ratio R =
Aco/FSR.
A lot of issues were important in this experiment. For example, alignment of
birefringent axis, backreflection, and preparation of fiber endface had to be taken into
serious consideration. Among them, the preparation of fiber endface had been well
documented[68]. We realized that low loss splice was not necessary for this experiment.
On the other hand, Fresnel reflection from the fiber endface must be eliminated, as it
usually destabilizes the laser diode and causes cavity-crosstalk (between two ring
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resonators). We applied two methods of reducing Fresnel reflection from the fiber endface
in the experiment. At the input ports of both the reference resonator and the sensing
resonator as well as the output port of the reference resonator, the fiber endfaces were
polished at an angle of at least 6. With regard to the output port of the sensing resonator, a
reservoir of index-matching oil was used. The index was matched whin 0.01 by selecting
the appropriate index-matching oil. Now we put our emphasis on the alignment of
birefringent axes.
5.2. Alignment of Birefringent Axes
In our experiment, the alignment of birefringent axis must be performed for up to
eight ports of the two ring resonators. The following were the procedures we followed in
setting up the dual ring resonator system.
(a) Aligned the birefringent axis of pp fibers at the input port and the output port of
the reference resonator by rotating polarizers Pi and P2.
(b) Aligned the birefringent axis of pp fibers at the input port and the output port of
the sensing resonator by rotating polarizer P3 and the pp fiber at the input port of the
sensing resonator. At this stage, resonant loop was not constructed, and the output light
from a broadband source travelled along the path: lens Li -A/2 waveplate
-
polarizer Pi
lens L2 - directional couplerDQ lens L3 - polarizer P2 lens L4 - directional coupler DC2
-
polarizer P3.
(c) Aligned the birefringent axis of pp fibers at the two ports of directional coupler
DCi which were about to be connected into a loop.
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(d) Aligned the birefringent axis of pp fibers at the two ports of directional coupler
DC2 which were about to be connected into a loop. At this stage, both resonant loops were
still not constructed.
In the above process, all the alignments were based on the wavelength averaging
principle of a broadband source[26]. The broadband source used when aligning the
birefringent axes was a multimode laser diode made by Lasermax Inc.. Its central emission
wavelength was also 670nm. With the output light from the broadband laser diode, and by
using an linear polarizer both at the input and the output ends of pp fiber, the birefringent
axes were identified as the orientations of minimum and maximum intensity. If enough
light was coupled into the fiber, a simple Si photodiode could be used to identify the axes,
and at the same time measure the coupler crosstalk.
With reference to Fig. 5.1, birefringent axis identification was straightforward for
ports 3 and 4 (Remember the resonant loop was not constructed at this stage). For port 2,
one might attempt to use one of the ports 3 and 4 as input; however, that had proved very
inconvenient, because it disturbed the precise alignment achieved and required additional
effort to couple light into another port. We found it simpler to use the light reflected
towards port 2 due to Fresnel reflection at the terminations, while using port 1 as the input.
It was critical to maximize the light coupled into port 1. The resulting light towards port 2
could be captured by a very sensitive photodetector, or could be observed visually. The
latter method was used in our experiment. The endface was observed through a
microscope, with a long working distance 5x objective, which allowed insertion of an
analyzer between it and the pp fiber. The analyzer or the pp fiber was rotated and the
position of the minimum noted. This procedure was repeated approximately 10 times and
the mean value was taken. The following were the typical records taken when aligning the
birefringent axes of one port:
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Position of minimum:
310.2 310.6 310.3 310.3 310.6
310.5 310.4 310.7 310.1 310.5





Normally, the resulting standard error was less than 0.2. This accuracy was enough for
our experiment according to our previous theoretical analyses.
5.3. Experimental Output Characteristics
Once the birefringent axes had been identified, we proceeded to construct the resonant
loops of the reference resonator and the sensing resonator. When constructing the resonant
loop, we launched the output light from a single-mode He-Ne laser, whose emission
wavelength was about 630nm, into the input port of the corresponding directional coupler,
and a highly sensitive photodetector was used to capture the output light from the
corresponding output port. The two resonant loops were constructed separately. The two
ports to be spliced were visually pre-aligned and then brought together. By scanning the
ring resonator with the piezoelectric modulator (or a temperature-controlled box when
constructing the sensing resonator) and feeding the electrical output from the photodetector
to an AC-coupled oscilloscope turned to near maximum sensitivity, it was possible to
observe a fringe modulation even when the ends was 0.5 - 1.0 mm apart, and quite a long
way from proper
alignment. Once a fringe signal had been obtained it was easy to get the
appropriate finesse by adjusting the coupling ratio and the loss at the splice. Because the
individual ring resonator of a dual ring resonator system did not need to have high finesse,
we set both resonators at a finesse around 6. The splice of the sensing resonator was fixed
by usingUV glue Norland 81,
while the splice of the reference resonator was adjustable by
high precision stage with piezoelectric control in z-direction (direction in which light beam
Section 5 97
travelled). In our experiment, both the reference resonator and the sensing resonator were
first constructed as twisted resonators.
At this stage, we were ready to observe the output characteristics from the constructed
dual ring resonator system. With reference to Fig. 5.1, the light source was a
semiconductor laser diode TOLD9211. We tried to change its linewidth by changing its
injection current in order to get the appropriate length ratio R = Aco/FSR. One difficulty
faced us in the experiment was we did not have necessary instrument to measure the
linewidth of the laser diode with high accuracy. We solved this problem by putting the
photodetector right after the reference resonator to analyze the output from only the
reference resonator. We knew from our theoretical analysis in Section 4 that the length ratio
R should be in the region of 2.5 ~ 5.0; and there is no fringe signal from any individual
ring resonator under this condition or with the length ratio R above that region. In the
experiment, we found the output from the reference resonator did not show fringes until the
injection current of the laser diode reached 42.5mA, slightly above the threshold current
40.0mA; but the output from the reference resonator did show fringes with small
modulation at the injection current of 43.0mA. The modulation increased with the injection
current. Therefore, we set the injection current of the laser diode at 42.5mA.
Fig. 5.2 shows the experimental output characteristics from the constructed dual ring
resonator system consisting two individual twisted resonators. According to the theoretical
curves shown in Fig. 4.10, it was expected that the output characteristics would show
drastic change. The reference resonator was set as a notch filter and the sensing resonator
was set as a comb filter by choosing the appropriate polarization components with
polarizers P2 and P3. A sinusoidal voltage of 37V (peak to peak), which is also shown in
Fig. 5.2 (a), was applied to the phase modulator.We can see considerable differences exist
between Fig 5.2 (a) and Fig. 5.2 (b). These curves were recorded by the Spectrum
Analyzer/Digital Oscilloscope operating at AC-coupled mode, whose resolution was not
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high enough to reflect more details of the output characteristics. When we tried to recorded
the curves by operating the Spectrum Analyzer/Digital Oscilloscope at DC-coupled mode,
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Fig. 5.2. Experimental output characteristics from a constructed dual ring resonator system consisting of
both twisted resonators and working under the notch
- comb filter condition. The sinusoidal wave shown in
Fig. (a) is the modulation signal applied to the piezoelectric phase modulator.
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Fig. 5.3. Experimental output characteristics from a constructed dual ring resonator system consisting of
both straight resonators and working under the notch
- notch filter condition.
Without feedback control system, the dual ring resonator system consisting of two
straight resonators should give rise to a much more symmetrical output characteristic
according ;o our analysis in Section 4 (see Fig. 4.9). Because of the difficulty to
incorporated an additional coupler into the resonant loop we set both the reference resonator
and the sensing resonator as notch filters. Fig 5.3 shows the output characteristic we got
under this condition.
5.4. Discussions and Recommendations
Our experiment was rudimentary, though it verified the fundamental characteristics of
dual ring resonator system. In order to put dual ring resonator system into practical sensing
applications, many aspects remain to be improved.
In this section we include some
discussions and recommendations for a successful dual ring resonator system, and specify
some areas of further development Obviously, a proper electronic system is necessary; but
we will concentrate on optics.
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5.4.1. Polarization Purity
Polarization purity in a dual ring resonator system is not as crucial as that in a single
ring resonator for spectrometric use[68], because the practical dual ring resonator system
basically has to be made from individual ring resonators with relatively low finesse. It is
possible to use Polaroid polarizer of good quality, rather than crystal polarizer, in this
system. Also, the selected ordinary lens is suitable in place of stress-free lens. On the other
hand, the currently available pp fiber directional coupler as well as the splice fabricated by
conventional method are good enough for using in such a system. Of course, if
considerably higher detection sensitivity is desirable, better devices should be used.
5.4.2. Setup of Dual Ring Resonator System
When setting up our experiment, we used a highly coherent source, single-mode
He-Ne laser, to construct individual ring resonator. The desirable finesse was then obtained
by tuning the directional coupler and the splice. This finesse was related to the emission
wavelength of the He-Ne laser (X = 630nm). The central emission wavelength of the
broadband light source used in our experiment had a different value, about 40nm away (X
= 670nm). The finesse related to this wavelength would be also different, because it is well
known both the loss and especially the coupling ratio are wavelength-dependent. In
practice, we may have to select a broadband semiconductor light source emitting in infrared
region; but highly coherent light source at the corresponding wavelength is usually not
available. Therefore, in order to determine the finesse we have to resort to measuring the
coupling ratio and the losses at the given
wavelength. However, it proves difficult to
measure the loss at the splice once the resonant loop is constructed. Moreover, it is usually
desirable to tune the coupling ratio and the loss of splice to get appropriate finesse.
Section 5 101
A very promising approach to this problem is to make use of a short pulse of the
broadband light source. The loss of the dual ring resonator, which is considered to be
fixed, is measured before the resonant loop is constructed with a single-mode He-Ne laser.
Then the He-Ne laser is replaced by the broadband source to be used in the dual ring
resonator system. A short pulse of light power is launched into the input port of the
constructed resonator. At the output port, a photodetector with very fast response is used to
capture the light output. A sequence of short pulses will be recorded. These short pulses
correspond to the light power undergoing delays when travelling in the resonant loop. The
amplitude of these short pulses are dependent on the coupling ratio as well as losses at both
the splice and the coupler, which are thereby determined.
5.4.3. Selection of Light Source
An appropriate light source is essential for fiber optic sensor based on dual ring
resonator system. Obviously, the wavelength of the light source should fall within the low-
loss-window and below the cut-off wavelength of the singlemode pp fiber. Other two
important parameters are the output light power and the linewidth of the light source.
According to our analysis in Section 4, the shot-noise-limited minimum detectable phase
change Acpmin is inversely proportional to the square root of the input light power launched
into the dual ring resonator system. On the other hand, the linewidth of the light source
must be chosen in such a way that an appropriate length ratio R
= Aco/FSR can be
achieved. This length ratio R will then assure that the phase noise of the light source is
completely eliminated. At the same time, the linewidth of the light source should be kept as
small as possible. The reason is that smaller linewidth will allow a larger tolerance for the
mismatch between two resonant loops.
Among semiconductor light sources, the laser diode is superior to the
superluminescent diode and the light emitting diode in term of the output light power.
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However, the former is much more noisy. It is hence very critical to have an appropriate
length ratio R. Unfortunately, the linewidth of the laser diode usually becomes too narrow
immediately when its injection current exceeds the threshold current[13]. As a result,
considerably long resonant loops are necessary to keep the length ratio R at the right value.
The multimode laser diode and fiber broadband source should be the promising
altematives[69, 70]. An additional advantage is that the use of these broadband sources will
make the elimination of backreflection less important, because they are generally not
susceptible to the backreflection. In our experiment, the resonant loops were about 2.1m
long, and we had to operate the laser diode slightly above its threshold current at the
expense of the output light power.
5.4.4. Mismatch between Resonant Loops
According to our analysis in Section 4, the mismatch between the two resonant loops
in dual ring resonator system will reduce its detection sensitivity. In other words, we will
observe a reduced modulation from the fringe signal of the dual ring resonator system with
resonant loop mismatch. In our experiment, the modulation of the fringe signal was very
low, so that there must be a considerable mismatch between the two resonant loops. In
fact, we tried to made the two resonant loops matched by measuring their geometrical
lengths and cutting off the longer loop. This method was very inaccurate. The geometrical
measurement error existed. Besides, the physical inhomogeneity of optical fiber, which we
could not take into account, contributes the major part to the mismatch. In order to make
full use of the detection sensitivity of dual ring resonator system, we should have an
effective method to make the two resonant loops equal in term of optical path.
One possible approach is to introduce an air gap at the splice of the shorter resonant
loop by using coupling optics. The optical paths of the two resonant loops can be made
equal by adjusting the air gap when observing the modulation of fringe signal. The
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maximum modulation is obtained when the two resonant loops are matched. The additional
loss at the splice will not be a problem because high finesse is usually not needed, but the
system stability will suffer. Another disadvantage of this method is that we have to know
which resonant loop is shorter in advance. A more effective method is to make use of the
short coherent length of a broadband source. The two resonant loops can be simply looked
at as two pieces of pp fiber. The light from a broadband source is launched into the input
ends of these two pieces of pp fiber, and the light outputs from their output ends are
brought together. Interference will occur if the optical path difference between these two
pieces of pp fiber is less than the coherent length of the broadband source. Therefore, the
degree to which the two resonant loops are matched is dependent on the coherent length of
the broadband source to be used. A semiconductor light emitting diode or a semiconductor
laser diode operating under threshold current should give rise to satisfactory resonant loop
match. It is possible to make the optical path difference between the two resonant loops less
than lOOnm.
5.5. Summary
In this section, the experimental setup for the dual ring resonator system was
described in detail. The emphasis was put on the alignment of birefringent axes. In spite of
a lot of difficulties in obtaining appropriate devices and measurement instruments, we
successfully demonstrated the output characteristics
of the dual ring resonator system.
Some discussions and recommendations were also given.
6 CONCLUSIONS
In this thesis, fiber optic sensor based on dual ring resonator system is completely
analyzed theoretically and its fundamental characteristics are verified experimentally. It is
downlead insensitive when maintaining interferometric sensitivity. The limitation of
dynamic range, which accompanies other kinds of fiber optic interferometric sensors, is
removed by tuning the reference resonator. This tuning method also automatically
compensates for the drift of operation point. Moreover, the phase noise of light source can
be eliminated.
Although there are many configurations of fiber optic sensor based on dual ring
resonator system, only the configurations with the notch filter
- comb filter combination
have the smallest shot-noise-limited minimum detectable phase change Acpmin. Basically,
fiber optic sensor based on dual ring resonator system has to be made from the single ring
resonators with low finesse in order to maintain environmental stability when polarization
crosstalk is present. If polarization crosstalk in the dual ring resonator system is less than
0.01, a finesse of about 10 for the single straight resonator and a finesse of about 5 for the
twisted resonator will result in a very stable dual ring resonator system. Among all the
configurations which have the smallest shot-noise-limited minimum detectable phase
change Acpmin, the configuration of twisted resonator (comb filter only) ~ twisted resonator
(notch filter only) is the stablest dual ring resonator system when the point of operation is
set at the unsplitting modes of the output characteristic in this system.
The light source used for fiber optic sensor based on dual ring resonator system must
be carefully selected. It
should have large output light power in order to obtain a large
signal-to-noise ratio. The more important is that its linewidth Aco has to be larger than the
free spectral range FSR of the resonators, which comprise the dual ring resonator system,
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by a factor of R (length ratio R = Aco/FSR) in order to eliminate the phase noise of light
source. The mismatch between the two resonant loops will decrease the detection
sensitivity of fiber optic sensor based on dual ring resonator system and hence should be
kept at rriinimum.
Fiber optic sensor based on dual ring resonator system is capable of sensing tiny
change of any physical quantity which can give rise to the change in the optical path of the
resonant loop. It should be noted that frequency shift of light source and thermal
fluctuations will still be sensed as if they were part of signal. However, if the frequency of
the signal to be detected is high enough compared to the frequencies of frequency shift of
light source and thermal fluctuations, they will not affect the linearity and the sensitivity of
the system because low frequency noise can be readily filtered out.
APPENDIXES
Considerable work of this thesis was devoted to the theoretical modelling of both
-single fiber optic ring- resonator and dual ring resonator system. Now we give the
explanation of two computer programme from which most of the theoretical curves in this
thesis were generated. A few other curves were obtained from these two computer
programme after they were slightly modified.
The following two computer programme were written in QuickBASIC.
Appendix 1. Computer Program for Full Model of Single Ring
Resonator
This computer program is based on our improved model for single fiber optic ring
resonator described by Equations (3.1) through (3.6). It should be noted that the variables
Eix, Ely, E2x. E2y, E3X, E3y> E4X, and E4y are complex. Each of them represents two
sub-
variables: the real part and the imaginary part. As a result, Equations (3.1), (3.4) and (3.5)
are a set of linear algebraic equations, 16 unknowns related by 16 equations. In order to
save computation time, we first reduced this set of sixteen equations into a set of four
equations, which only included unknown variables E4X and E4y, by some effective algebra
operations. The resultant set of four equations were then solved by means of Gaussian
elimination with backsubstitution. Double-precision type of data were used in this computer
program to assure that correct numerical results were constantly obtained.
The characteristics of single fiber optic ring resonator as well as the effects of
polarization crosstalk of directional coupler, input port, and splice can be readily obtained
from this program. The output components and the circulating components are computed
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simultaneously. Either the straight resonator or the twisted resonator is studied by setting
the structure parameter SP and the rotation angle at splice 0S as appropriate values. The
following is the list of important variables:
N: number of output data points
PN: number of output data points in one free spectral range
SP: structure parameter:
straight resonator: SP = 1 and twisted resonator: SP = 2
K: coupling ratio of directional coupler
T: polarization crosstalk at directional coupler
GAMAC: loss at directional coupler
GAMAS: loss at splice
THETA: equivalent misalignment angle at input port
THETAS: equivalentmisalignment angle at splice
ALPHAX: loss ofX component of the field
ALPHAY: loss ofY component of the field
L0: fiber length at input port
LA: fiber length from port 4 to splice
LB: fiber length from splice to port 2
M: refractive index change parameter:
change ofwhole numberwavelength: M = 1.0
change of half number wavelength: M = 0.5
MO: initial phase parameter:
linear polarization: MO = 1.0 and elliptical polarization: MO * 1.0
WMID: central frequency
C: light speed in vacuum
DELTAN: birefringence of fiber
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NX: refractive index ofX component
NY: refractive index ofY component
FSR: free spectral range
I3X: X component of output intensity
I3Y: Y component of output intensity
I4X: X component of circulating intensity
I4Y: Y component of circulating intensity
/THIS PROGRAM IS FOR THE FULLMODELOF RESONATOR/
5 DEFDBL A-H, J-Z
10 DIM A(4, 4), B(4)
1 1 INPUT "THE NUMBER OF OUTPUT POINT N="; N
1 2 INPUT "THE NUMBER OF SAMPLES IN ONE FSR PN="; PN
1 3 INPUT "THE STRUCTURE PARAMETER (STRAIGHT 1 AND TWISTED 2) SP=", SP
15 DIM I3X(N), I3Y(N), I4X(N), I4Y(N)
1 8 OPEN "\FAN\MODEL1
0.DAT"
FOR INPUT AS #1
20 INPUT #1, T$, K
30 INPUT #1,T$,T
40 INPUT #1,T$, GAMAC
50 INPUT #1,T$, GAMAS
60 INPUT #1, T$, THETA
70 INPUT #1,T$, THETAS
80 INPUT #1 , T$, ALPHAX, ALPHAY
90 INPUT #1, T$, L0 /FIBER AT INPUT PORT/
98 INPUT #1 , T$, LA, LB /LB:PORT #4 TO SPLICE,LA:SPLICE TO PORT#2/
99 CLOSE #1
1 00 INPUT 'THE REFRACTIVE INDEX CHANGE PARAMETER M="; M
101 INPUT "THE INITIAL PHASE PARAMETER M0="; M0
102 WMID = 2200000000000000*
103 C = 300000000*
104 PI = 3.14159265358979*
1 1 1 OPEN
"\FAN\MODELDAT"
FOR OUTPUT AS #1
1 1 2 WRITE #1 , "THE COUPLING RATIO K=", K
1 1 3 WRITE #1 , "THE CROSSTALK T=", T
1 1 4 WRITE #1 , "THE COUPLER LOSS GAMAC=",
GAMAC
1 1 5 WRITE #1 , "THE SPLICE LOSS GAMAS=", GAMAS
1 1 6 WRITE #1 , "THE MISALIGNMENT ANGLE AT
INPUT PORT THETA(DEGREES)=",
THETA
1 1 7 WRITE #1 , "THE ROTATION ANGLE AT SPLICE THETAS(DEGREES)=",
THETAS
1 1 8 WRITE #1 , "FIBER ATTENUATION COEFFICIENT ALPHAX,ALPHAY=", ALPHAX,
ALPHAY
1 1 9 WRITE #1 , "THE FIBER LENGTH L0=", L0
1 20 WRITE #1 , "THE FIBER LENGTH LA,LB=", LA, LB
1 21 WRITE #1 , "THE REFRACTIVE INDEX CHANGE PARAMETER M=", M
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1 22 WRITE #1 , "THE INITIAL PHASE PARAMETERM0=", MO











140 NX = 1.5* - DELTAN / 2*
141 NY = 1 .5* + DELTAN / 2#




DELTAN / C / PI)




C / WMID / DELTAN /LP: M=INTEGER/
145 THETAS = PI / 180*
"
THETAS /EP: M OTHERWISE/
146 . THETA = PI / 180*
*
THETA /THETA: DEGREES/










150 Z1 = SQR(K)
160 Z2 = SQR(T)
170 Z3 = SQR(1# T)
180 Z4 = SQR(1# - K)
190 Z5 = Z3
*
Z4
200 Z6 = Z1
*
Z3
210 Z7 = Z1
*
Z2
220 Z8 = Z2
*
Z4
230 Z9 = SQR(1# - GAMAC)
240 Z1 0 = Z9
*
Z5
250 Z1 1 = Z9
*
Z8
260 Z12 = Z9
*
Z6
270 Z13 = Z9
*
Z7
300 U1 = COS(THETAS)
310 U2 = SIN(THETAS)
320 U3 = SQR(1# - GAMAS)
330 U4 = EXP(-ALPHAX
*
LA)
340 U5 = EXP(-ALPHAX
*
LB)
350 U6 = EXP(-ALPHAY
*
LA)
355 U7 - EXP(-ALPHAY
*
LB)




C / (NX + (SP - 1#)
*
NY) / (LA + LB)
357 WRITE #1 , "NX=", NX, "NY=", NY
358 WRITE #1, "FSR=M, FSR
362 WX = FSR / PN
363 W = WMID
365 FOR II = 1 TO N
370 U = W/C:UX = U*NX:UY = U*NY
380 U8 = COS(UX
*
LB)
390 U9 = SIN(UX
*
LB)
400 U10 = COS(UX*LA)
410 U11 = SIN(UX
*
LA)
420 U12 = COS(UY
*
LB)
430 U13 = SIN(UY
*
LB)
440 U14 = COS(UY
*
LA)
450 U15 = SIN(UY
*
LA)


























































































V5: A(2, 2) = -A(1, 1)




V6: A(2, 1) = A(1, 2)




V7): A(2, 4) = -A(1, 3)




V8: A(2, 3) = A(1, 4)




V1 : A(4, 2) = -A(3, 1)




V2): A(4, 1) = A(3, 2)




V3: A(4, 4) = -A(3, 3)




V4): A(4, 3) = A(3, 4)
690 E1XR = COS(UX
*
LO) *Z











































780 FOR KO = 1 TO 3
790 FOR I = KO + 1 TO 4
800 MUL = A(l, KO) / A(K0, KO)
810 FORJ = K0+1TO4









870 E4YI = B(4) / A(4, 4)
880 E4YR = (B(3) - E4YI
*
A(3, 4)) / A(3, 3)




A(2, 4)) / A(2, 2)
900 E4XR = (B(1) - E4XI
*




A(1, 4)) / A(1, 1)













































960 E3XI = Z10
*

























990 I3X(II) = E3XR
A 2 + E3XI
A 2
1000 I3Y(II) = E3YR
A 2 + E3YI
A 2
1002 I4X(II) = E4XR
A 2 + E4XI
A 2
1003 I4Y(II) = E4YR
A 2 + E4YI
A 2
1004 W = W + WX
1005 NEXT II
1 008 WRITE #1 , "THE OUTPUT
INTENSITY-
CLOSE #1
1 01 0 OPEN
"D:\GRAPHER\TESTO.DAT"
FOR OUTPUT AS #1
1020 FOR II = 1 TON
1030 PRINT #1, II; I3X(II); I3Y(II); I4X(II); I4Y(II)
1040 NEXT II
1 050 CLOSE #1
1 060 END
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Appendix 2. Computer Program for Dual Ring Resonator
System
This computer program is used for computing the final output power from a dual ring
resonator system. Basically, it is a numerical integration program based on Equation (4.1).
Considerable efforts were made to achieve the minimum computation time. We
successfully reduced the computation time by a factor about one hundred relative to
ordinary direct integration method.
Our approach to the integral Equation (4.1) made full use of the periodicity of both
transfer functions Tr(co) and Ts(co). It is well known that if two resonator loops are
perfectly matched, both transfer functions have the identical period: free spectral range. The
overall integral interval can be divided into many sub-intervals, each of which equals to the
free spectral range. Because of the periodicity of the transfer functions, it is reasonable to
compute their values in one period and then apply the resultant values to any other
sub-
interval. Of course, the lineshape function I(co) must be computed over the whole integral
interval.
All the data in Section 4.2 through Section 4.4 were generated by this program. For
computing the detection sensitivity, this program must be modified slightly because a
numerical differentiation must be introduced. We used the simpleMidpointmethod to find
the detection sensitivity in our program.
Most of the variables we used in this program were similar to those used in Appendix
1 except the following:
N: number of integral sampling points in one free spectral range
PN : number of output data points
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PN1 : number of output data points in one period
LIMIT: number of integral sub-intervals
O. linewidth constant
HIS: final output power
All the possible configurations of dual ring resonator system can be studied by using
this program. Statements 386 and 780 must be modified according to any specific
configuration before running the program. The integration accuracy is determined by the
number of integral sampling points in one free spectral range N and the number of integral
sub-intervals LIMrT. Generally, the value ofN should be several times of finesse, and the
value of LIMIT should be several times of the linewidth constant in order to achieve
satisfactory integration accuracy. When there is a twisted resonator in the system, the
twisted resonator must be specified as the first resonator.
/THIS PROGRAM IS FOR THE CALCULATION OF DUAL RING RESONATOR BASED ON FULL
MODELOF RESONATOR/
/THE INTEGRAL ACCURACY IS DETERMINED BY
"N"
AND "LIMIT"/
/WHEN THERE IS A TWISTED RESONATOR IN THE SYSTEM, THE TWISTED RESONATOR
SHOULD BE SPECIFIED AS THE FIRST RESONATOR/
DECLARE FUNCTION LS# ( W # )
DECLARE SUB SAMPLE (W#, L0#, LA#, LB#, NX#, NY#, Z#, Z0#, Z6#, Z7#,
Z9#, Z10#, Z11#, Z12#, Z13#)
5 DEFDBL A-G, J-Z
1 0 COMMON SHARED C, O, WMID, I3X, I3Y, I4X, I4Y, U16, U17, U18, U19
1 1 INPUT 'THE NUMBER OF INTRGRAL POINTS IN ONE FSR N="; N
12 INPUT "THE NUMBER OF OUTPUT POINTS PN="; PN /PN = INTEGER *PN1/
INPUT "THE NUMBER OF SAMPLES IN ONE FSR PN1=", PN1
1 3 INPUT "THE STRUCTURE PAPAMETER (STRAIGHT 1 & TWISTED 2) SP1 ,2=";
SP1, SP2
15 INPUT "THE INTEGRAL INTERVAL 2*LIMIT*FSR LIMIT=", LIMIT
17 DIM TRANS(N + 1), TRANS0(N + 1), HIS(PN)
1 8 OPEN
"\FAN\DUAL0.DAT"
FOR INPUT AS #1
20 INPUT #1, T$, K1, K2
30 INPUT #1, T$, T1, T2
40 INPUT #1 , T$, GAMAC1 , GAMAC2
50 INPUT #1 , T$, GAMAS1 , GAMAS2









, T$, ALPHAX2, ALPHAY2
90 INPUT #1, T$, L01, L02 /FIBER AT INPUT PORT/
95 INPUT #1
, T$, LA1 , LB1 /LB:PORT #4 TO SPLICE,LA:SPLICE TO PORT#2/
96 INPUT #1, T$, LA2, LB20 /LB:PORT#4 TO SPLICE,LA:SPLICE TO PORT#2/
99 CLOSE #1
100- INPUT "THE.REFRACTIVE INDEX CHANGE PARAMETER M1 ,2=".; M1, M2
1 0 1 INPUT "THE INITIAL PHASE PARAMETER M01 ,2="; M01 , M02
102 WMID = 2200000000000000#
103 C = 300000000#
104 PI = 3.14159265358979#
1 1 1 OPEN "\FAN\DUALDAT" FOR OUTPUT AS #1
1 1 2 WRITE #1
, "THE COUPLING RATIO K1
,2=", K1 , K2
1 1 3 WRITE #1
, "THE CROSSTALK T1 ,2=", T1 , T2
1 1 4 WRITE #1
, "THE COUPLER LOSS GAMAC1
,2=", GAMAC1 , GAMAC2
1 1 5 WRITE #1





1 1 6 WRITE #1
, "THE MISALIGNMENT ANGLE AT INPUT PORT
THETA1
,2(DEGREES)=", THETA1 , THETA2




1 1 8 WRITE #1
, "FIBER ATTENUATION COEFFICIENT ALPHAX1 .ALPHAY1 =", ALPHAX1 ,
ALPHAY1
WRITE #1
, "FIBER ATTENUATION COEFFICIENT ALPHAX2,ALPHAY2=", ALPHAX2,
ALPHAY2
119 WRITE #1, "THE FIBER LENGTH L01,2=", L01 , L02
1 20 WRITE #1
, "THE FIBER LENGTH LA1 ,LB1 =", LA1 , LB1
WRITE #1, "THE FIBER LENGTH LA2,LB2=", LA2, LB20
121 WRITE #1 , "THE REFRACTIVE INDEX CHANGE PARAMETER M1 ,2 = ", M1 , M2
122 WRITE #1, "THE INITIAL PHASE PARAMETER M01,2=", M01, M02
1 23 WRITE #1 , "THE STRUCTURE PAPAMETER (STRAIGHT 1 & TWISTED 2)
SP1,2=", SP1, SP2
1 25 WRITE #1 , "THE LINEWIDTH CONSTANT 0=", O
1 26 WRITE #1, "THE INTEGRAL INTERVAL 2*LIMIT*FSR LIMIT=", LIMIT
1 27 WRITE #1 , 'THE NUMBER OF INTRGRAL POINTS IN ONE FSR N=", N











140 NY1 = 1.5# + DELTAN / 2#
141 NX1 = 1.5# - DELTAN / 2#




DELTAN / C / PI)




C / WMID / DELTAN /LP: M0=INTEGER/
145 THETAS1 = PI / 1 80#
*
THETAS1 /EP: M0 OTHERWISE/
146 THETA1 = PI / 180#
*
THETA1 /THETA: DEGREES/










150 Z1 = SQR(K1)
160 Z2 = SQR(T1)
170 Z3 = SQR(1# - T1)
180 Z4 = SQR(1# - K1)
190 Z5 = Z3
*
Z4
200 Z6 = Z1
*
Z3
210 Z7 = Z1
*
Z2
220 Z8 = Z2
*
Z4
230 Z9 = SQR(1# GAMAC1)




250 Z11 = Z9
*
Z8
260 Z12 = Z9
*
Z6




310 U2 = SIN(THETASI)
320 U3 = SQR(1# - GAMAS1)
330 U4 = EXP(-ALPHAX1
*
LA1)
340 U5 = EXP(-ALPHAX1
*
LB1)
350 U6 = EXP(-ALPHAY1
*
LA1)
355 U7 = EXP(-ALPHAY1
*
LB1)
































C / (NX1 + (SP1 - 1#)
*
NY1) / (LA1 + LB1)
*
SP1
370 WRITE #1, "NX1=", NX1, "NY1=", NY1
380 WRITE #1, "FSR", FSR
381 WX = FSR/N
382 W = WMID
383 FOR I = 1 TO N + 1
384 CALL SAMPLE(W, L01, LA1, LB1, NX1, NY1, Z, ZO, Z6, Z7, Z9, Z10, Z1 1 , Z12,
Z13)
386 TRANSO(I) = I3X
387 W = W + WX /3X/I3Y/I4X/I4Y/
389 NEXT I
430 THETAS2 = PI /
180#*
THETAS2
440 THETA2 = PI / 180#
*
THETA2










470 ZZ1 = SQR(K2)
480 ZZ2 = SQR(T2)
490 ZZ3 = SQR(1# - T2)
510 ZZ4 = SQR(1# K2)
520 ZZ5 = ZZ3
*
ZZ4
530 ZZ6 = ZZ1
*
ZZ3
540 ZZ7 = ZZ1
*
ZZ2
550 ZZ8 = ZZ2
*
ZZ4
560 ZZ9 = SQR(1# - GAMAC2)
570 ZZ10 = ZZ9*ZZ5
580 ZZ1 1 = ZZ9
*
ZZ8
590 ZZ12 = ZZ9*ZZ6
600 ZZ13 = ZZ9
*
ZZ7
61 0 UU1 = COS(THETAS2)
620 UU2 = SIN(THETAS2)
630 UU3 = SQR(1# - GAMAS2)
640 UU4 = EXP(-ALPHAX2
*
LA2)
650 UU6 = EXP(-ALPHAY2
*
LA2)











652 NY2 = 1.5# + DELTAN / 2#
NX2 = 1.5# - DELTAN / 2#




DELTAN / C / PI)




C / WMID / DELTAN




C / (NX2 + (SP2 - 1#)
*




656 WRITE #1, "NX2=", NX2, "NY2=", NY2
657 WRITE #1, "FSR2=", FSR2






(NX2 + (SP2 1#)
*
NY2)) / PN1
660 LB2 = LB20
665 FOR II = 1 TO PN
668 UU5 = EXP(-ALPHAX2
*
LB2)
670 UU7 = EXP(-ALPHAY2
*
LB2)




























740 W = WMID
750 FOR I = 1 TO N + 1
760 CALL SAMPLE(W, L02, LA2, LB2, NX2, NY2, ZZ, ZZO, ZZ6, ZZ7, ZZ9, ZZ10,
ZZ11, ZZ12, ZZ13)
780 TRANS(I) = I3X
*
TRANSO(I)
790 W = W + WX /I3X /I3Y/I4X/I4Y/
800 NEXT I
803 S = 0
804 N2 = 1
805 W = WMID LIMIT
*
FSR
806 W1 = W
807 W2 = W + N
*
WX




TRANS(N + 1)) / 2
810 FORI = 2TON
815 W1 = W + (N - 1)
*
WX








O / PI / 2
845 IF N2 > 2#
*
LIMIT GOTO 880
860 W = W + FSR
865 N2 = N2 + 1
868 S = S + SO
870 GOTO 806
880 LB2 = LB2 + LD
885 HIS(II) = S + SO
PRINT "ll=", II, "HIS=", HIS(II)
890 NEXT II
900 WRITE #1 , "THE OUTPUT
INTENSITY"
9 1 0 CLOSE #1
920 OPEN
"D:\GRAPHER\TXX.DAT"
FOR OUTPUT AS #1
930 FOR I = 1 TO PN





LS = 1# / ((W - WMID)
A 2 + O A 2 / 4#)
END FUNCTION
SUB SAMPLE (W, L0, LA, LB, NX, NY, Z, Z0, Z6, Z7, Z9, Z10, Z11, Z12, Z13)
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DIM A(4, 4), B(4)
U = W / C: UX = U
*























































































V5: A(2, 2) = -A(1, 1)




V6: A(2, 1) = A(1, 2)




V7): A(2, 4) = -A(1, 3)




V8: A(2, 3) = A(1, 4)




V1: A(4, 2) = -A(3, 1)




V2): A(4, 1) = A(3, 2)




V3: A(4, 4) = -A(3, 3)



















































FOR KO - 1 TO 3
FOR I = KO + 1 TO 4
MUL = A(l, KO) / A(K0, KO)
FOR J = KO + 1 TO 4










E4YI = B(4) / A(4, 4)
E4YR = (B(3) - E4YI
*
A(3, 4)) / A(3, 3)




A(2, 4)) / A(2, 2)
E4XR = (B(1) E4XI
*














































































I3X = E3XR A 2 + E3XI
A 2
I3Y = E3YR A 2 + E3YI
A 2
I4X = E4XR A 2 + E4XI A 2
I4Y = E4YR A 2 + E4YI A 2
END SUB
The data of the curves shown in Fig 4.18 and Fig. 4.19 were generated from another
numerical integration program based on Equations (3.17) and (3.18). This program is
simple and is not listed here. The program listed in Appendix 2 is not applicable because
the assumption that two resonator loops are perfectly matched does not hold.
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